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Abstract
Current studies of urban channel form attempt to understand channel response to major
changes in prevailing controlling conditions, mainly discharge. But very few studies
actually track channel adjustment over the course of urbanization, ignoring the
complexity of channel adjustment to other factors such as large floods and/or
engineering. Seldom have these changes been analyzed in terms of expected adjustment
from regime theory and the actual processes o f adjustment. Highland Creek in Toronto,
Ontario has undergone a rapid transformation from mainly rural to almost completely
urban land-use (85% of the drainage area) from 1954 to 2005. It has had a pronounced
hydrological response with peak flows reaching up to nine times the pre-urban maximum.
Channel form was measured from a series o f 5 sets o f air photos (1954, 1965, 1978,
2002, and 2005) encompassing the entire development period. The results of this analysis
in general indicate that the Creek has become wider and sinuosity has decreased, but
variability exists temporally and spatially. Comparison with predicted channel widths
using regime theory shows that much o f the channel length has ‘under-adjusted’
compared to expectations. It is apparent that this resulted from extensive channel
engineering, preventing channel adjustment.

Keywords: digital air photography, Highland Creek, urbanization, fluvial
geomorphology, regime theory, hydraulic geometry.
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Chapter 1: Introduction
River morphology at reach scale has been shown to adjust to the upstream supply of
water and sediment, which in turn reflects catchment conditions such as topography,
climate, geology, soils, vegetation, and land use. Any change in these catchment
conditions may affect the stream flow and sediment load and consequently may trigger a
morphological change in the river (Wolman, 1967; Schumm, 1971; Ashmore and Church,
2001; Knighton, 1998; Emmett and Wolman, 2001). Land-use and land-cover change,
resulting from human activity may be one set of changes that trigger changes in river
morphology through changes in discharge (Leopold, 1968; Booth and Jackson, 1997),
sediment supply (Wolman, 1967; Trimble, 1997), sediment type (Grable and Harden,
2006), and riparian vegetation (Hession et a i, 2003). The nature o f the response varies
with the type and extent o f land-use change and may also vary between physiographic
and hydro-climatic regions (Chin, 2006). Urban land-use change is one transition that
may have substantial effects on river discharge and sediment supply, and hence river
channel response. With continued urban growth, concerns about river stability and the
prediction, control, mitigation and restoration o f adverse effects of river channel change,
raise the need for analysis and understanding o f these processes from the perspective of
fluvial geomorphology (Chin, 2006). At the same time, these responses also provide an
opportunity for testing and modifying general theories and models of morphological
adjustment and change for river channels.
During rural to urban land-use conversion, the landscape is transformed from one
o f vegetated soils to city-scapes with extensive impervious surfaces that in general result
in greater surface runoff and reduced sediment supply (Wolman, 1967; Chin, 2006). The
extent of imperviousness and other changes to surface hydrology depends on the density
and type o f land-use, with effects being greater for commercial and industrial land-use
than for residential areas. Modifications to the drainage system may also have significant
effects on runoff dynamics and streamflow regime by increasing drainage density,
connectivity and flow velocity and reducing the rainfall-discharge lag times by limiting
infiltration. This results in greater peak flows with higher frequencies, creating a flashy
hydrograph (Cook and Dickinson, 1986; Booth, 1990; Konrad and Booth, 2005; Nelson
et al., 2006; Jennings and Jarnagin’ 2002).
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Streams may accommodate these changes in flow regime, for example increased
peak flow and annual runoff volume, by enlarging their channel and, in some cases,
changing their channel pattern characteristics (e.g. sinuosity and meander wavelength)
(Leopold, 1973; Pizzuto et al., 2000; Kang and Marston, 2006). The increased discharge
combined with possible channel pattern changes (e.g. reduction of sinuosity and therefore
channel slope), increases stream power and therefore leads to a greater potential for
channel erosion. In an urban environment where rivers are encroached upon by
development, rapidly eroding banks and flood waters pose a threat to infrastructure and
property resulting in a social and management response through direct engineering of the
channel. Often these expensive engineering schemes and their selective implementation
perpetuate or exacerbate existing problems (Chin, 2006). The damage costs from
flooding and the added cost o f channel engineering require a better understanding of
channel adjustment in the urban context, not only in general, but also in particular
geomorphic and hydro-climatic regions.
Over the last 40 years there has been an increase in the number of studies o f the
effect of urbanization on fluvial form (e.g. Wolman, 1967; Walling and Gregory, 1970;
Hooke and Kain, 1982; Booth, 1990; Graf, 2000). A recent meta-analysis of urbanization
effects on river systems found that of 58 studies approximately 75% showed crosssection enlargement, typically o f 2-3 times, with a maximum of 15, the pre- (or non-)
urban conditions (Chin, 2006). 66% showed widening having a maximum magnitude
reported at 7.4, with a mean o f 1.5 times the pre-urban value. However, this summary
does not indicate the relative extent o f urbanization or impervious surfaces with respect
to each study. Despite the general enlargement trend, there is a global variability in
response, but the majority of the studies noted in Chin (2006) were located in the mid
latitude, temperate UK and US. Expansion of the studies into other hydro-climatic and
physiographic regions may uncover different responses and contribute to a more general
model o f river channel response to urban land-use change and urban design.
Previous studies have generally involved either relatively small basins with
extensive urban land-use (e.g. Nelson et al., 2006: 19.6km2, 82% urban; Grable and
Harden, 2006 - 19.6km , “almost completely urban”), or relatively large basins with a
fairly low urban fraction (e.g. Kang and Marston, 2006 - 175km2, 50% urban; Nelson and
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Booth, 2002 - 144km2, 19% urban; Galster et al., 2008 —254km2, 20% urban). There are
no cases in the literature of forcing associated with extensive urbanization of a large
catchment. Larger catchments may differ from small ones in their hydrological response
(e.g. as a result of longer network routing distances and in-basin storage) and larger scope
for spatial variation in hydrologic and geomorphic response and time-scale of adjustment
impact related to time frame of urban land development.
There is also some variation in the study methods. According to Chin (2006), the
majority of studies (55%) used a space-time substitution method to measure the urban
effect, by comparing near-by urban and non-urban catchments, with some historical or
other supporting data for some added clarification/calibration (e.g. Gregory et al., 1992).
Differences observed between the urban and non-urban streams are assumed to be the
urban effect. These methods lack actual observation through the period of disturbance,
missing any spatial patterns that might arise as urbanization spreads, or response to
individual events, or the trajectory o f change in channel morphology. Direct field
observation through the urbanization process (i.e. ‘longitudinal’ study) is the ideal
method for gathering and quantifying channel change, though it requires a lot of time and
resources if done during the actual time period o f urbanization and channel adjustment
(e.g. Leopold, 1973; Leopold et al., 2005). An alternative is to use historical data sources
to provide retrospective information and observations of changes over a longer period of
time and throughout the disturbance. These sources include maps, air photos and other
historical documents to gather information on channel morphology. These sources may
be limited in their spatial and temporal resolution, and the parameters available for
measurement are more limited than field observations. Only two studies appear to track
detailed changes over the period of urbanization and adjustment, covering periods of
roughly 50 years (Graf, 2000; Nelson et al., 2006). Analysis can potentially be completed
quickly when maps and air photos are scanned (unless already digitally recorded) and
assembled in a GIS, allowing for convenient comparison between dates where multiple
sets of data are available (e.g. Graf, 2000). Most recently, a historical analysis was
completed by Galster et al. (2008), covering the entire urbanization period, but was
limited to two epochs o f data. They concluded that widening was the response to
impervious surfaces and streamflow increases, though no specific links were made, nor
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was any complexity of channel design, geological controls, or rare floods considered.
Graf (2000) concluded that there was continuous instability towards the end of the study
(relating to an extreme flood). Therefore, the use o f only two photosets at either end of
their time range fails to provide insight into the actual trajectory and stages of channel
adjustment.
Many of the existing studies of channel adjustment to urban development describe
the channel change but do not relate the adjustments to existing theory for river channel
morphology and adjustment. Although in many cases the overall channel widening is
predictable from existing conceptual models o f river channel adjustment, it has yet to be
seen whether quantitative, channel geometry equations might be used to predict the
channel adjustment, to assess the state of adjustment quantitatively, and to aid in
anticipating and designing for the river morphology changes. Even empirical
relationships between width, discharge and drainage area are difficult to find for urban
streams, with only one study attempting to identify hydraulic geometry relationships for
urban streams (Doll et al., 2002). Hydraulic geometry equations are empirically derived,
so their applicability will vary from region to region, but they can still be tested for
predictive ability to see which might be most suitable (e.g. Hey and Thome, 1986). In
addition, deterministic "rational regime theory" uses physical equations to predict the
river cross-section dimensions (e.g. Griffiths, 1981; Eaton et al., 2004). These equations
are physical predictions based on fundamental stream mechanics (Chew and Ashmore,
2001) that agree well with empirical results for ‘equilibrium’ stable channels (e.g. Chew
and Ashmore, 2001; Eaton et al., 2004). Both hydraulic geometry and rational regime
equations have the potential to predict channel adjustment to urban streamflow, though
some assumptions must be made. This requires historical information on changes in
streamflow and river channel adjustment in order to test the application o f these
equations in particular cases.
Highland Creek in east Toronto provides such a case. It is a nearly fully urbanized
basin, o f a relatively large size compared to previous urban studies. It has a digital photo
record as far back as 1939 to as recently as 2005, and an active stream gauge operational
from 1956. Urbanization occurred rapidly across the basin beginning in the late 1960s
into the late 1970s and mid 1980s, resulting in a pronounced hydrological response. As a
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result it has undergone extensive channelization in the upper reaches, and suffered
chronic erosion problems in some lower sections. This resulted in a series o f localized
initiatives by the City o f Toronto to mitigate flood and erosion problems, creating a
continuous demand for funding, as private property and city infrastructure require
protection. But understanding of the creek lacks a historical context, which is important
for determining the likely timescale of adjustment to the urban flow regime. As the
channel is still adjusting, previous channel works and infrastructure have come under
threat or are failing from recent flooding (e.g. August 2005 event), suggesting that the
historical channel design in some reaches is not conductive to the expected
morphological response. Therefore, in addition to documenting the channel
morphological response in an extremely urbanized catchment, an understanding of
channel adjustment in terms of the expectations (regime equations) based on discharge
can be made. Finally, in terms o f geographical significance, Highland Creek is a semialluvial channel with (historically) a partially nival flow regime. This river type and
hydro-climate is not represented in previous studies of river response to urban
development. At the same time, the extent of urban development within this large
catchment also expands the range o f conditions for case studies of fluvial geomorphic
analysis o f urbanization.

1.1 Objectives

V

This thesis is a case study, based on a longitudinal analysis, of channel morphology
changes following urbanization using multi-epoch digital air photos covering progressive
stages o f urbanization, starting in a pre-urban setting towards an almost fully urbanized
catchment. The analysis has the following main objectives:
1. Measure and map changes in channel width and length/sinuosity over the
period of urban development and hydrological change at multiple times
2. Identify time, location, process and type (natural or engineered) o f change.
3. Determine whether channel adjustments fit expectations from hydraulic
geometry and rational regime using peak flow data, and if the pattern of change and the
time trajectory reflects those from conceptual models of urban channel adjustment.
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Chapter 2: River channel change and the effects of
urbanization
Documented changes in the catchment conditions that affect river discharge and sediment
supply (e.g. climate, land cover) have been used to analyse the process of channel
adjustment. Studies are undertaken to understand the fundamental relations and processes
of adjustment, and also because in some cases the changes in river dynamics may have
significant practical economic, ecological and social impacts. Urbanization in particular
is such a case where prevailing conditions o f discharge and sediment supply are altered,
and with settlement so close to river channels, there is a need to know the consequences
o f river channel adjustment that may affect river stability, flooding, and aquatic and
riparian ecosystems.
The effects o f urban development on river morphology provide a general case and
context for analysis o f river channel adjustments with respect to the effects o f substantial
changes in flow (and, in come case, sediment delivery) on river morphology. Existing
observations in the literature o f the effects from urbanization on river morphology
provide some examples of comparisons between urban and non-urban streams, or pre and
post-urban states, but few show details of the trajectories of change, or spatial variation
within a stream network, to an apparent newly-adjusted state. Trajectories and directions
o f change are necessary to assess existing theory of channel adjustment and to understand
temporal and spatial deviations from theory. The current geographical distribution of
studies of effects of urbanization is rather limited, with most studies focussed on small (<
20km ), mid-latitude, catchments in the US and UK (Chin, 2006). In Canada there are
almost no studies of urbanization effects on rivers although it is apparent that substantial
de-stabilization of some rivers has accompanied urban development in the Greater
Toronto Area (GTA) which has become a focus of remediation and restoration work on
urban rivers in Canada. There are almost no studies in larger catchments with extensive
urbanization, or in rivers with semi-nival flow regimes and semi-alluvial channels, which
are characteristic of the urbanizing river systems in the GTA for which background
understanding o f fluvial responses and fluvial form is needed. Analysis of cases o f this
type would also broaden the geomorphology literature on fluvial response to
urbanization.
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This chapter reviews the principles o f river channel morphological adjustment and
the effects o f urbanization to give a context and rationale for the study o f the urbanization
effects on morphology o f Highland Creek, Toronto. This expands the range of current
cases o f urbanization effects and provides data for analysis of the trajectory of channel
adjustment as a test of river regime theory in a case for which the hydrological and
morphological changes are well-documented, and an example of the possible effects of
engineering intervention.

2.1 General principles of channel metamorphosis and stream
disturbance
River channel morphology is dependent on the type and intensity of fluvial processes
(erosion, transport and deposition o f material, lateral migration, and incision/aggradation)
in the river, which are governed primarily by the supply of water (river discharge) and
sediment from the upstream catchment, and by the valley gradient (Knighton, 1998;
Ashmore and Church, 2001). Over short time-scales, valley gradient does not adjust
rapidly and is an independent variable, unlike the cross-section dimensions, the channel
gradient (sinuosity) and channel pattern type, which can respond quickly to disturbances
in the primary controls (Knighton, 1998). Sinuosity represents the ratio of the valley
gradient to the channel gradient. Secondary controls on channel form include substrate
(grain size) and riparian/bank vegetation (Knighton, 1998). These controls on channel
V
morphology are a response to overall catchment conditions of topography, climate,
geology, soils, vegetation, and land use. Any process that alters one, or a combination, of
these controls may cause the adjustment o f channel morphology to a new quasi-stable
state (Wolman, 1967; Schumm, 1971; Ashmore and Church, 2001; Knighton, 1998;
Emmett and Wolman, 2001). In addition to event adjustment and recovery (e.g. large
floods), these adjustments may be long term changes in morphology as consequences of,
for example, climate change (Ashmore and Church, 2001), or more immediate, short
term responses to changes in controlling conditions which may arise from human
modification of the catchment conditions, such as urbanization (Booth, 1990). There is a
need to understand the impact o f these changes in terms o f how the channel morphology
responds (Schumm, 1977), and the timescale of adjustment to a new ‘equilibrium’
morphology (Wolman, 1967). This is important for anticipating potential effects of
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channel change on flooding and damage to infrastructure (Chin, 2006), and because the
adjustment o f channel morphology and dynamics can have profound effects on stream
ecosystems (Konrad and Booth, 2005). Analysis o f these kinds o f changes also provide
insight into the processes of river channel adjustment
Natural rivers have a form adjusted to prevailing discharge and sediment supply
close to some state o f equilibrium and relative stability, where no major morphological
change will occur without some external stimulus (Knighton, 1998). This relative
stability is known as dynamic-equilibrium, and when river channel morphology (e.g.
cross-section dimensions) remains in this stable state over a period of years, it is said to
be ‘in regime’ (Ferguson, 2008). This does not imply absolute stability (static
morphology) because the river must convey a range o f discharges and sediment loads, so
there is a tendency for frequent local changes in size and position of the channel to occur.
Rivers are also subject to occasional disturbance by, for example, large flood events,
during which thresholds o f morphological adjustment can be reached and exceeded,
causing either temporary changes in morphology before returning to the original state, or
adopting a new regime state (Knighton, 1998).
The response and adjustment of the channel to disturbance may follow a defined
trajectory characterized by periods o f reaction and relaxation. The reaction period is the
time a channel takes to respond to the disturbance after its onset, and the relaxation
period is the time of channel adjustment from the initial reaction to the stabilise in the
new state or return to the pre-disturbance state. Because o f the complexity o f the fluvial
system in which controls on channel morphology have time and space-dependence, there
are a variety of temporal responses. Knighton (1998) illustrated, conceptually, a few
idealised adjustment patterns over time as a response to an impulse change in a control
variable (e.g. discharge) (Figure, 2.1). These range from no-response to a response
towards a new equilibrium state. Recovery to the initial state may also occur over a range
of time scales depending on the fluvial environment. In many cases, river morphology
may be a response to multiple, sequential disturbances which, over time, create a
situation o f ‘transient response’ during which the channel begins to recover, but
subsequent disturbances prior to complete recovery increase the net change in channel
morphology away from the initial state, interrupting channel recovery each time there is a
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disturbance (Knighton, 1998 p. 299) (Figure 2.1). These responses vary between stream
types, streamflow regimes and overall catchment conditions. For example, rivers in
humid climates are often resilient to large floods and may also recover quickly.
However, extreme floods can mobilize large particles that cannot be transported by
subsequent events so that the morphology may be completely changed and only selective
(or no) recovery occurs (Stewart and LaMarche, 1967). Such changes can also occur
with response to a permanent change in flow regime, but the response is unlikely to
return to the previous form, with the possibility of latent response. For example, climate
change in the case o f warming results in likely changes to streamflow hydrology,
inducing changes in channel morphology (Ashmore and Church, 2001). This change in
the flow regime, where for example, the channel forming discharge shifts upward to a
new value, is a situation different than those impulses illustrated by Knighton (1998). The
disturbance may act as a ramp or step increase without recovery, and the channel
response could follow a ramp adjustment rather than the immediate steps indicated in
Figure 2.1, then follow one of the states o f adjustment, or likely a combination of sorts
with latent effects (e.g. State 5 as a ramp change).
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Control
Variable

Response
Variable

State 1
No Change

Time

State 2
Rapid recovery

State 3
Delayed recovery

State 4
Non-recovery

State 5
Transient response

Time

Figure 2.1: Possible states o f channel response to a disturbed control variable (adapted
from Knighton 1998).

,

If the effect of discharge and sediment supply upon stream morphology and
dynamics is understood, then prediction of the effect o f changing the controlling
conditions on stream channels should be possible. However, the combination o f different
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changes in independent variables causing a range of possible adjustments can create
difficulty when predicting a specific outcome and existing case studies show a mixed and
complex response relative to prediction from simple regime adjustments, even for
changes in a single controlling variable (Ashmore and Church, 2001).

2.2 River regime adjustment—predictive methods
2.2.1 Empirically based: Hydraulic geometry and river metamorphosis
Quantitative analysis of river morphology can be traced back to development o f ‘regime
theory’ for engineered natural channels and canals (Lacey, 1929; Simons and Albertson,
1960). This term ‘regime theory’ is often used in this thesis simply to refer to all
predictive methods, unless the specific terms “rational regime theory”, “hydraulic
geometry”, and “channel metamorphosis” are used. Channel geometry was predicted as a
function o f discharge, channel gradient and sediment size or load, but the narrow range of
sediment sizes (mostly fine sand and silt) for which these equations were developed
limited their use in natural channels (Knighton, 1998). The label ‘theory’ is arguably
misleading because the equations are entirely empirical (Eaton et al., 2004). In an
attempt to apply regime ‘theory’ to (straight) natural channels, Leopold and Maddock
(1953) pioneered a new set of equations to predict channel cross-section geometry
primarily on the basis o f the river discharge. This empirical approach to natural river
stable channel dimensions and flow characteristics is known as downstream hydraulic
geometry. In this analysis, discharge is the dominant (only) independent variable, and
power functions are used to describe variation of stable channel width, mean depth, mean
velocity, slope, resistance (friction factor) and suspended sediment load (Knighton,
1998). It is assumed in this approach that channel dimensions, while developed from a
range of flows, can be empirically correlated with an index ‘channel-forming’,
‘dominant’, or ‘effective’ discharge (Wolman, 1955; Knighton, 1974) by assuming that
channel dimensions are determined by the size of the flows that can just be
accommodated within the channel.
Definition and identification of this channel forming discharge for use as the
single index discharge in applying regime theory has been problematic. In coarse-grained
alluvial channels the morphology is most dependent on the flows mobilizing significant

12
quantities of bed material. The “effective” discharge can then be defined as that which,
over a defined time period, or over the average annual hydrograph or flow duration curve,
conveys the most bed load (Andrews, 1980). This can be determined from the local
maximum of a cumulative bed load curve that combines the bed load transport rate at a
given discharge with the frequency o f its occurrence (Emmett and Wolman, 2001).
There are limitations to this dependence on the mobility and supply of sediment, for
example, where large particles armour the bed, and large bedload pulses cannot occur
until the armoured layer is disturbed (Emmett and Wolman, 2001). Furthermore, bedload
data are not always available and the estimate o f effective discharge then relies on
predictions from sediment transport functions. Consequently, the effective discharge is
often taken to be equivalent to the bankfull discharge at which the discharge just begins
to overtop onto the floodplain (Wolman and Leopold, 1957). This is based on the
assumption that river channels adjust to floods that just fill the cross-section (Knighton,
1998). Practical definition o f bankfull has proven difficult. A range o f approaches have
been used (Williams, 1978) but they rest on an assumption o f equilibrium morphology.
There have been attempts to show that, for alluvial channels, bankfull is equivalent to
annual maximum daily (sometimes instantaneous) discharge o f a given recurrence
interval which then provides a common, statistical and hydrological definition of
formative discharge that can be derived from stream flow records, though it has been
determined to not work in many cases and would be better estimated empirically
(Williams, 1978). Although this recurrence interval (from the annual maximum mean
daily flow series) has been argued to be typically 1 to 2 years in alluvial rivers in
medium-sized humid temperate catchments (Emmett and Wolman, 2001), it is likely that
there is considerable variability in this value caused by differences in hydrological regime
and geomorphic setting and recent channel adjustment (Knighton, 1998; Andrews, 1980;
Richards, 1982). There is also no guarantee that all morphological elements will adjust to
the same discharge (Knighton, 1998). However, the necessity to choose a discharge
value for predictive and design purposes, makes the simplistic choice of a single bankfull
flow, or an equivalent recurrence interval flood, appealing to researchers and designers,
and it continues to be the basis for regime analysis (Knighton, 1998).
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Equation 2.1 shows the general form of the downstream hydraulic geometry
equation for channel width (w) as a function of a formative discharge (Q/)', a and b are
empirically derived.
w = aQf

Eq. 2.1

In general, channel width varies approximately with the square root of the channel
forming discharge, i.e. b typically has a value o f about 0.5 and this has been shown to
apply to a large number o f independent data sets over a range of river channel types and
sizes (Knighton, 1998). Hydraulic geometry relationships are usually developed for a
group o f rivers within a physiographic region to create a set o f predictions specific to that
area. For example, hydraulic geometry relationships were determined for gravel-bed
rivers by Bray (1982) in Alberta, by Charlton et al.. (1978) and by Hey and Thome
(1986) in the UK. These are then applied to define bankfull dimensions for stable,
mobile-bed channels in those regions (Knighton, 1998) with the potential to extend
application to rivers in other regions with similar characteristics, so that the equations
have quasi generality. In classical empirical hydraulic geometry, the influence o f other
variables, e.g. bed sediment particle size, was ignored and it was assumed that all
relationships were log-linear (Richards, 1973). However, it is known that sediment load,
bank resistance, slope, and vegetation are all important controls on channel dimension,
therefore requiring further development of quantitative predictive methods (Knighton,
1998).

V
These additional variables (e.g. channel slope, bed material grain size, bank

resistance) were included in subsequent development of empirical hydraulic geometry,
(Ferguson, 1973; Schumm, 1971; Bray, 1982; Hey and Thome, 1986). Hey and Thome
(1986), for example, included the influence o f bank vegetation on channel width, by
having four different functions to determine width, each with different exponents relating
to a range o f vegetation cover (tree and shrub). Similarly, the effect o f cohesion in sand
bed channels was applied to the hydraulic geometry equations for channel banks
(Schumm, 1971) and the channel perimeter (Ferguson, 1973). Here, cohesion was an
added independent control, rather than an adjustment to the power function of discharge.
These multi-variate empirical hydraulic geometry equations still show the. dominant
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square root relationship for channel as a function of channel forming discharge (Hey and
Thome, 1986). A few examples o f empirical hydraulic geometry equations are:
w= 3.670b°45 (Leopold and Maddock, 1953)

Eq. 2.2

w= 33.102.33° 585 '° 66 (Ferguson, 1973)

Eq. 2.3

w= 5.5402.33°5V ° 37 (Schumm, 1971)

Eq. 2.4

w= 4.330b° 50, 1-5% tree/shrub cover (Hey and Thome, 1986)

Eq. 2.5

Where: 0 b= bankfull discharge, 02.33= annual maximum discharge with recurrence
interval of 2.33-year flood (equivalent to mean annual flood), B= silt-clay content of
channel banks, and M= silt-clay content of channel perimeter. These predictive
developments are entirely empirical and lack physical theory on channel formation
(Eaton et a i, 2004). Note also that none of the empirical equations show the effect of
channel gradient and bed load supply on channel width, which physically-based ‘rational’
regime theories predict are relevant (see below). A recent development of empirical
predictions is available online as an Excel spreadsheet based on four data sets from
different regions (Parker, 2004 “bankfull channel estimator” obtained from:
http://www.nced.umn.edu/content/tools-and-data). It simultaneously solves multiple
equations to determine the bankfull channel width based on bankfull discharge and
grainsize, but no slope input is required (Parker, 2004).
Based on original hydraulic geometry equations and empirical observations,
Schumm (1977) developed an approximate conceptual model of a possible range of
outcomes o f the response of rivers to changes in discharge and sediment supply that he
referred to as river metamorphosis. This model describes the probable direction of change
resulting from the combined effect o f changes to discharge and sediment supply
(Schumm, 1977) (Equations 2.6-2.9).
Q r\ Qs+/' -» W, d+, (w/d)+, X+, S', s+/'

Eq. 2.6

Qf, Qs‘ -> W, d+/\ (w/d)\ X+/\ S', s+/'

Eq. 2.1

Q r\ Qs- -» w+/', d+, (w/d)+/\ X+/', S+, s'

Eq. 2.8

Qf, Qs+ -> W+/', d', (w/d)+/', X+,\ S', s+

Eq. 2.9

where: Qf= formative discharge, Qs=sediment load, w=width, d=depth, (w/d)= width to
depth ratio, >.=meander wavelength, S=channel sinuosity, and s=channel gradient, and +.
- or +/- suggest the direction of change in the magnitude o f the control and response
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variables. Kellerhals and Church (1989) expanded upon Schumm’s relationships by
splitting the sediment load into bedload and washload (suspended), and adding the
resulting changes to mean bed material size and percent silt and clay in channel perimeter
materials (Table 2.1). However, not all the expected changes may occur if the river is not
able to perform such changes. For example, the absence of a flow event sufficient to
trigger the expected changes may lead to ‘latent’ morphological change (Ashmore and
Church, 2001). In addition, the trajectory o f changes over time is not considered in these
channel metamorphosis approaches, only the ultimate morphology, and it is not clear
what conditions and event sequences affect this time scale of adjustment and its
distribution along a river system. It is likely that different aspects of morphology adjust
more readily than others. For example, slope adjustments and meander changes may
occur over decades, while mean grain sizes on the bed can change within a year with
frequent floods (Ashmore and Church, 2001).
These conceptual channel metamorphosis relations establish a general prediction
o f the response of alluvial channels changes in discharge and sediment supply. But they
do not attempt to quantify the actual amount o f change or the time period o f adjustment.
Although they are empirically based, they give only a general idea as to what might
occur, explicitly contain some uncertainty, and comparison with actual changes often
show discrepancies even in the direction of change, though the relationship between
discharge and width has proven reliable (e.g. Kellerhals and Church, 1989) Ashmore and
Church, 2001; Chin, 2006). They are inadequate as a theory for quantitative analysis of
river channel adjustment but at the same time the directions and extent o f adjustment,
based on existing case studies, appears to be inherently uncertain.
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Table 2.1: Potential morphological response o f alluvial and semi-alluvial streams to
change in controlling factors. Taken from Ashmore and Chuch, 2001: Their Table 1.
Modified from Keller halls and Church, 1989.
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Abbreviations:
Q, m ean annual discharge; Q ,^, ratio of bed material load to discharge; Q w, ratio of
wash load to discharge; w, m ean channel width; d, mean channel depth, S, mean
channel gradient; D, bed material particle size; F, ratio of width to depth; L, meander
wavelength; P, sinuosity; M, fine sediment content of bed and bank material

Note:
1. Increases appear as V and decreases as
2. Longterm and shortterm changes that are likely to be different are separated by a 7
3. Changes that may occur in either direction are shown as ‘ i f
4. Changes for which no reasonable prediction can be made appear a s '?'

Adding empirical hydraulic geometry equations to the conceptual river
metamorphosis could provide a basis for quantitative prediction of regime adjustments of
river morphology but their reliability has seldom been tested in this way. Their empirical
basis makes general applicability uncertain, but if treated as a scaling relationship
between channel-forming discharge and the covariant response o f width, depth and
velocity to accommodate this flow, then their application is appropriate (Eaton and
Church, 2007) - hence the utility for conceptual channel metamorphosis.

2.2.2 Physically based, 'rational' regime theory
In light of the problems faced with using an entirely empirical method, Mackin (1963)
advocated for a more deductive and rational approach rather than the empirical and
inductive hydraulic geometry. ‘Rational regime theory’ offers a set of equations based on
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physical theory and has developed progressively in the past thirty years or so. Rather than
generalizing from data, rivers are recognized as having a form that should be deducible
from hydraulic laws for the movement o f water and sediment. These equations are
developed by the simultaneous solution of physical equations for governing conditions,
usually: continuity o f discharge, uniform flow equations, resistance equation, and for
stable channels a Shields’ particle entrainment function (Griffiths, 1981). They are
simple, physically-based equations derived from fundamental stream mechanics to
predict variations in channel width and slope against which observed variations can be
compared and predicted (Chew and Ashmore, 2001). A variety of methods have been
used to solve the set o f equations to yield regime channel relationships (Parker et al..,
2007; Eaton and Church, 2007)
For example, the following rational regime equations for channel width for
alluvial gravel-bed rivers show the incorporation of slope and grain size:
w = 2.06QbSm D'm (Henderson, 1966)

Eq. 2.10

w = 6M Q bS' 22D'' 5 (Parker, 1979)

Eq. 2.11

w = 5 .2 8 0 ^ ' 26D ''5 (Griffiths, 1981)

Eq.2.12

where: w = channel width (m), Qb = bankfull discharge (m V 1), S = channel slope, and D
= median grain size (m). The positive effect of slope and discharge highlights the
importance o f stream power (the product o f slope and discharge) for channel erosion,
while the negative influence of grain size is the consequence o f the greater shear stress
requirement for transport of larger bed sediment particles (Chew and Ashmore, 2001).
Rational models have been developed recently at the University of British
Columbia (Millar and Quick, 1993; Millar, 2005; Eaton et al., 2004), which incorporate
the effect of bank strength (sediment strength and vegetation cohesion) on channel form,
in addition to grain size and slope. The simplest of the UBC models uses the regime
equations of Millar (2005), and only requires the Qf, S, and D50 for the reach in question,
and estimated channel dimensions are calculated automatically (University of Brisish
Columbia Regime Model (UBCRM) was obtained from:
http://www.geog.ubc.ca/~beaton/UBC%20Regime%20Model.html). Two variations of
this require additional input estimates of n (Manning’s flow resistance), tj! (apparent
friction angle), and D95 (for bank strength). These differ in their bank strength
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parameters. One uses a single friction angle, while the other has a root cohesion depth,
with a separate friction angle for the toe o f the bank where root cohesion is absent.
Although these offer a more physically based approach, they require more inputs from
field data. A test o f these, in addition to empirical and rational hydraulic geometry
equations, where inputs are known, should help identify the most appropriate equation for
quantitative prediction o f channel morphological change.
There are several limitations that arise in these predictive methods stemming from
the simplistic characterization of the fluvial system from both empirical and rational
regime equations. Potentially significant controls and responses may be excluded, and
significant other simplifications (in addition to the use of a single channel forming
discharge) are used. For example, channel pattern change is not considered except for
changes in meander wavelength and sinuosity in the conceptual channel metamorphosis.
Bed material characteristics are represented by a single grain size (usually the median)
that is assumed to be fixed and independent, which contradicts current understanding of
bed load transport (Ferguson, 2008). Then there is the issue of temporal variability,
particularly when using an entire hydrological record to select a single, dominant
discharge. This ignores the fact that magnitude is not the sole indicator of geomorphic
effectiveness of flows, and that the effects o f extreme floods are disregarded and seen as
disruptions to the regime, from which there will be recovery (Ferguson, 2008). Finally,
these straight channels are assumed to be uniform along their length, without considering
small-scale organization o f bedforms and grain size. Only recently has bank-strength
been explicitly included in the design of the rational regime models (Eaton et al., 2004).
Ferguson (2008) also points out that the often-complimentary empirical channel studies
that have revealed general/regional trends in channel adjustment to controlling factors
(e.g. Schumm, 1977) similarly fail to address the same problems as regime equations
with regards to controlling factors, large floods, and range of timescales of adjustment.
He suggests that channel responses are not necessarily step changes as indicated by
regime theories, but can be a range of responses: shocks (e.g. floods, landslides), pulses
(e.g. gravel extraction), ramp changes (e.g. deforestation), or ‘quasi-cyclicaF “agitations”
(e.g. flood magnitudes influenced by decadal variations in hydro-climate). Therefore,
Ferguson (2008) advocates for a qualitative and quantitative approach to river
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understanding, involving transient change of channels rather than assuming step changes.
Testing regime theories and hydraulic geometry for situations known to cause natural
channel adjustment can help identify the applicability o f such predictive methods and
case studies o f change can add interpretive detail and context.

2.3 Urbanization as a case for analysis of channel adjustment
Changes in catchment conditions, such as land cover and land-use, have often been
studied to understand the impact they have on stream channel morphology. They can
serve as inadvertent ‘natural’ experiments on channel changes (e.g. Ashmore and Church,
2001), and are also important because o f the practical consequences for channel stability,
and flooding and stream ecology. Land use changes act to disturb the existing hydrology
and sediment processes, eliciting a natural morphological response in alluvial channels
from a clearly-defmable change in controlling conditions (Schumm, 1977). Such changes
are transient, creating responses occurring over long timescales, for which well-defined
adjustment to the changing controlling conditions may be observed, and effects of other
disturbances (e.g. large floods) can be accounted for. Urbanization serves two functions
for analysis o f fluvial dynamics: to assess the effect o f the disturbance, and also test the
existing models o f channel adjustment within contextual detail of the trajectory, and
details o f channel adjustment.

2.3.1 Effects of urbanization on stream flow hydrology
Urban land development in particular can have substantial consequences for stream flow
hydrology and therefore river morphology and dynamics. Urbanization can transform the
fluvial landscape, altering natural controls on channel geomorphology, and influencing
ecological processes and their interactions (Gumell et al., 2007). This is generally the
result o f the clearance o f land, conversion from agriculture, and spread of paved and
artificial surfaces and engineered drainage systems in urban areas (Kang and Marston,
2006). Urbanization can impact physical, chemical, and biological character of rivers,
usually causing degraded water quality, loss or removal of stream habitat, and physical
adjustment of channel form (Henshaw and Booth, 2000).
Following urban development it is common to observe substantial changes to
stream-flow hydrology, depending on the extent and nature o f development and the pre

I
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existing land-use and catchment characteristics. In general, urban development and
channel engineering has been found to increase total runoff, peak discharges and the
frequency o f peak events of a given magnitude (Doll et al., 2002). This occurs as land is
cleared of vegetation and soil, surfaces are graded, depressions are filled in (e.g.
wetlands, ponds), remaining soils are compacted, and impervious surfaces (e.g. buildings,
parking lots and roads), and drainage systems are created (Konrad et al., 2005). This may
reduce interception and infiltration during runoff events, and limit soil and groundwater
recharge and storage. Thinner, less permeable (compacted) soils, cause soil to saturate
more quickly where infiltration does occur, and the overall effect is an increase in event
runoff and especially the quick flow component of event hydrographs (Konrad et al.,
2005). This may be further enhanced by roads, ditches, and storm drains truncating flow
paths for runoff, increasing flow velocity in the drainage system , and reducing the travel
(concentration) time from the surface to the channel and along the drainage and channel
network (Konrad et al., 2005).
Streamflow changes resulting from urbanization have been studied extensively.
Typically many o f the basic parameters o f event hydrographs and stream flow regime all
show changes including increases in peak flows, reduction o f event hydrograph lagtimes, increases in magnitude of floods o f a given frequency, increases in event and
annual runoff volume, and changes in base flows (Leopold, 1968; Poff et al., 2006;
Konrad et al., 2005; Konrad and Booth, 2002). These are general hydrological effects
that vary regionally and locally depending on landscape type, runoff processes, basin
characteristics, and the style and density o f urbanization and location within the
catchment. The magnitude o f these changes can be correlated to some extent with the
proportion of the catchment area converted to urban land-use or impervious surfaces
(Bledsoe and Watson, 2001; Galster et al., 2008), and impervious area as low as 10-20%
has been found to significantly alter the streamflow hydrology and river morphology in
some cases (Hammer, 1972; Hollis, 1975; Gregory et al., 1992).
Analysis o f the literature on case studies o f urban hydrology effects related to
morphological changes in rivers reveals that peak flows in small catchments (those most
affected by proportionally extensive urbanization) have been observed to increase by up
to two to four times after urbanization, and lag times decrease to a half to a fifth of the
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pre-urban values (Chin, 2006). The annual hydrograph often becomes flashier, showing a
greater frequency o f flood events. For example, Gregory (1976) found that the number of
flood events o f the Rosebum catchment near Exeter, England, increased from 171 in
1969 to 423 in 1972, with an overall effect o f increasing the total runoff volume by up to
four times. The amount o f runoff is most affected by smaller summer storms (assuming
mid-latitude climates) in urban basins when compared to non-urban ones, because large
storms saturate catchments creating the same runoff response as one that is urbanized
(Hollis, 1977). Similarly, winter saturated soils in mid-latitude, temperate regions
respond in the same manner as urban paved soils (Gregory, 1974; Hollis, 1977). In
partially-nival flow regimes, such as southern Ontario, the relative significance of spring
freshet may be reduced and a larger proportion o f annual runoff occurs in the summer for
urban basins, compared to neighbouring non-urban rivers (O’Neill, 2008). This is
possibly the result o f snow melting in warmer urban areas on paved surfaces, as well as
deliberate snow removal and melting. It is also the result of runoff from summer storms
in urban catchments compared to rural catchments in which summer rain is largely
absorbed by the soil moisture deficit.
The key aspect o f these hydrological changes with respect to river morphology is
the potential effect o f urbanization on the magnitude o f channel-forming discharges and
frequency of effective discharges for bed load transport and channel development,
changing the expectations calculated through predictive regime methods. These urban
effects have been assessed through a large number of case studies and from conceptual
models of channel adjustment. But from the studies reviewed by Chin (2006) and those
included here, it appears that there is little analysis o f morphological response to specific
changes in streamflow hydrology; studies tend to associate morphological changes with
land-use change without looking at the details o f the hydrological effects driving the
channel changes. Details o f this are discussed in the following sections.

2.3.2 Methods for studying morphological change in urban river
channels
Several different approaches have been used to identify river channel adjustment caused
by urbanization (Chin, 2006). The ideal method for collecting detailed information on
channel geometry is by direct measurement (field monitoring), particularly if it can be
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monitored before, during and after the urbanization process over a sufficient period of
time (e.g. Leopold, 1973) (Chin, 2006). But this requires up to decades of observation
and is often spatially limited due to labour and cost (e.g. Leopold et al., 2005). Pre
development data from field surveys is rarely available for any easy application of this
method, and observations are not often compiled over a sufficient period o f time to cover
pre- and post-urban phases o f channel morphology (Leopold et al., 2005). Therefore,
historical sources are often employed to substitute for the lack of available field data.
These use topographic maps and surveys, air photos or other remote sensing imagery, and
can be assembled in a GIS for analysis over the course of urbanization (e.g. Graf, 2000).
An alternative approach is the use of space-time substitutions to infer an urban
effect by comparing morphology and processes in adjacent catchments with differing
extent o f urban development and ascribing differences to the effect of the land-use
change (Wolman, 1967; Pizzuto et al., 2000; Chin, 2006). There are two variations of
this space-time substitution approach. One compares channel geometries upstream and
downstream o f an urban area for a single river (e.g. Gregory and Park, 1976). The other
uses a non-urban control stream, either adjacent to, or within the same region as the
urbanized stream(s) (e.g. Kang and Marston, 2006). Magnitudes o f change are estimated
by calculating the proportional difference between channel morphology measurements,
such as cross-section dimensions, in urban and non-urban catchments, exemplified by the
enlargement ratio of Hammer (1972) and ascribing differences to the effect of
urbanization. Because space-time substitutions compare different locations, other
methods (e.g. historical) are suggested to supply supporting evidence to identify the
location and character of change (Gregory et al., 1992).
Chin (2006) found that more than half o f the 58 studies o f urbanization effects on
rivers that she reviewed used space-time substitution as their primary method. Only one
study surveyed study reaches over the period o f urbanization (Leopold et al., 2005), and
other field surveys occurred after urbanization, mostly as a part of a paired-catchment
analysis. There are relatively few ‘longitudinal’, historical analyses o f channel change
tracking morphological changes throughout the development and adjustment process.
Consequently, much of the existing work focuses on the ultimate effect of urbanization,
rather than on the process or sequence of change throughout the period of disturbance.
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Because of the length of time taken for river channel adjustment, and the progressive
nature o f land-use change in larger catchments, a longer temporal range is needed to
observe the complete expression o f change, the time-response to the progressive changes
in streamflow hydrology, and the spatial variation in the response. Historical methods
provide this perspective, but may be limited in temporal resolution and in the level of
morphological detail that can be obtained.
Historical methods have been utilized to note the trends, locations, and character
of change from urbanization either in combination with a space-time substitution (Galster
et al., 2008), or exclusively (Graf, 2000). These historical studies utilize topographic
maps (Gregory et al., 1992; Nelson et al., 2006) and air photos (Graf, 2000; Galster et al.,
2008) to track adjustments. Features mapped include: channel widths (Galster et al.,
2008); channel planform (Gregory et al., 1992; Nelson et al., 2006), and a variety of
forms within the channel (terraces, bars, islands, engineering features, high-flow channel,
low-flow channel) (Graf, 2000). With the exception of Graf (2000) measurements were
made continually for long stretches o f the stream (e.g. 32km for Galster et al., 2008).
Graf (2000) focused on several selected reaches within a longer stretch of river across an
urban development. The temporal scope of each study also varied. As few as two epochs
have been used to represent times pre and post-urbanization (Galster et al., 2008), and up
to six epochs in one case from which a time-series of the channel form changes was
obtained (Nelson et al., 2006). Where the coverage of historical morphological data
coincides with hydrological data, trends in channel morphology can be related to specific
changes in hydrology, including floods. These changes can then be compared to
expectations from existing predictive methods to anticipate future changes leading to a
new regime state, and very few studies actually attempt this (e.g. Nelson et al., 2006).

2.3.3 Case studies of observed urban channel change
Observations o f channel change in urbanized catchments have focussed on local changes
in cross-section geometry, but some include observations o f planform change, and
channel network configuration (Hammer, 1972; Gregory, 1987; Chin, 2006). Chin
(2006) synthesised the reported changes in channel morphology in urban catchments of a
range of drainage area and proportional extent of urbanization. About two thirds of these
focussed on channel cross-section adjustment. O f these, 50% documented width
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adjustments, while 34% did so for depth. O f these, 86% showed increased channel width
and 60% showed increased channel depth following urban development. This global
collection of data provides evidence that channel enlargement from urbanization is a
common response. In these cases, channels enlarged by as much as 15 times with a mean
o f 2.5, widths as much as 7.4 times (mean = 1.5), and depth by a maximum of 2.8 times
(mean = 2.3) (Chin, 2006). Sinuosity decreased in every case (where reported), and
increased channel migration rate was found in 57% of the studies. Channel network
analyses reported drainage density increases in 71% of the cases, and if storm drains were
included, the density increased by up to 808%. There is considerable variation in effects
but insufficient data to analyse the causes o f this variation, so that no generalizations are
possible from the current assemblage o f case studies. Presumably this includes
differences in hydrology, extent and style o f urbanization and drainage, as well as
differences in the controls on channel form (geology, climate, vegetation, land-use) from
study to study. Local effects, such as geological limits to channel migration may also
account for some differences within and between catchments (Nelson et al., 2006).
Hammer (1972) was one of the first to investigate the channel response to the
increased discharge from urbanization. Analysis focussed on a number of small
catchments in Pennsylvania (<15km ), under the assumption that small catchments are
more susceptible to change because they can contain a higher proportion of urban land
use. Cross-section area enlargement ratios were obtained for catchments with urban and
non-urban land-use, concluding that an increase in impervious surfaces correlates with
channel enlargement. Subsequent studies (Pizzuto et al., 2000; Galster et al., 2008; Kang
and Marston, 2006; Gregory et al., 1992) report proportional areas o f imperviousness
(e.g. Pizzuto et al., 2000) or urban land cover (e.g. Galster et al., 2008) as a basis for
comparison to infer urban effects, and showed increases in channel cross-section
dimensions, mainly width, as reported by Chin (2006), with the exception of Galster et al.
(2008) which was published later. For these studies, urbanization had already occurred so
observations were not longitudinal in scope, except in the case o f Galster et al. (2008)
that compared two epochs o f change. Leopold et al. (2005), appears to be the only
example of field observation that covers the complete transition from non-urban to urban
land cover, and in this case the data cover a period o f 40 years. In this case widening was
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the primary form o f adjustment, with overall aggradation of the bed and floodplain
caused by island and bar development in the early stages o f urbanization, and increased
overbank deposits. The widening occurred during the later 25 years, but spatial
differences were found within the catchment, resulting from differences in bank stability
by vegetation and abutments (Leopold et al., 2005).
While hydrological changes may dominate the ultimate response of consequent
widening and straightening of channels (Pizzuto et al., 2000), changes to the quantity of
sediment supply and grain size distribution may also occur (Wolman, 1967; Trimble,
1997; Booth and Jackson, 1997). For example, short-term increases of sediment delivery
from construction sites in small catchments may cause initial channel sedimentation
(Wolman, 1967). Wolman (1967) describes the changes that river channels undergo in
response to urbanization as occurring in two phases. The earlier active construction phase
is characterized by high sediment yield as land is cleared and re-shaped. Some other
studies have confirmed the greater influx o f sediment from the construction phase and
found that erosion rates of bare surfaces are up to 40,000 times the pre-disturbance rates
(Harbor, 1999), with the construction phase causing up to 60 times more delivered
sediment than non-construction areas (Chen, 1974). This spike in sediment production
drops as urban land spreads, and impervious surfaces and runoff increase, which reduces
sediment delivery and triggers a morphological response related to the increased
streamflow. The reduction of sediment delivery to the channel from the catchment
hillslopes after development enhances the morphological response to the hydrological
change, reinforcing discharge as the primary driver for channel adjustment (Bledsoe and
Watson, 2001), a notion consistent with hydraulic geometry effects. In this way the
sediment yield and budget for the channel system changes as increased flood magnitudes
and frequencies, and reduced catchment sediment supply, cause bank erosion and channel
enlargement (Trimble, 1997; Nelson and Booth, 2002).
Channel engineering is also an urban impact creating a morphological effect
through the period of development and beyond. Until recently, river management has
been concerned with stabilizing streams to protect infrastructure like sewer pipes and
bridges (Bernhardt and Palmer, 2007), and to efficiently pass floodwater through the
system (Wyzga, 2001). These practices occur over different scales, but inevitably try to
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stabilize the channel in some way. Channelization is a practice used to minimize flood
hazards, and stabilize the position of the channel within the valley (Wyzga, 2001). It
results in simplified channel form, often removing meanders in favour of a straight
channel (Bernhardt and Palmer, 2007). In extreme cases, rivers are confined within
concrete channels or buried and rooted through underground pipes (Bernhardt and
Palmer, 2007). The most common engineering practice throughout urban channels is to
harden stream banks with resistant material (e.g. rip rap, armourstone, or gabion baskets)
to prevent lateral migration and bank erosion (Bernhardt and Palmer, 2007). These
hardened streams are not physically stable in the traditional equilibrium sense, because
there is no progressive adjustment of channel form (Henshaw and Booth, 2000).
Furthermore, following channelization, a considerable increase in flow velocity occurs
and channel incision and widening may result downstream as compensation for the lateral
constraints of bank hardening and lack o f sediment supply from banks (Chin and
Gregory, 2001; Henshaw and Booth, 2000; Wyzga, 1993). These management methods
were the result of engineers using empirical experience for a basis to obtain practical
solutions at the reach scale (Knighton, 1998). As these are often locally effective (within
reach or at road crossings) they can create discontinuities in channel response within
basins. The general result of engineering is to create straighter channels with fixed banks,
possibly limiting adjustment and altering timescales. But most urban studies of channel
adjustment look for natural responses and avoid noting the effect of engineering, unless
they are specifically observing the effect of an in-channel structure (e.g. Chin and
Gregory, 2001), or where engineering appears within a historical study of air photos
(Graf, 2000).
Despite the general global trend of straighter and enlarged channels (on the order
o f 2-3 times), there are regional variations in the response (Chin, 2006). For example,
British rivers experienced more deepening than those in the US or elsewhere, attributed
to more cohesive sediments of the beds and banks, and different vegetation
characteristics (Chin, 2006). Also, compared to temperate environments of the US and
UK that show widening and deepening, tropical rivers o f Africa and Southeast Asia
(Malaysia) have a hydroclimatic effect with a response o f net aggradation of the bed and
widening o f the banks. The aggradation of the bed is the response to high sediment inputs
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in these basins, while widening is caused by erosion by large tropical storms (Douglas,
1978; Chin, 2006).
The geographical distribution of existing studies of fluvial response to
urbanization is rather uneven. O f the 58 studies cited by Chin (2006) the majority are
located in temperate regions o f the US (27) and UK (13), with the rest scattered through
Australia (6), Africa (6), and Southeast Asia (2), with only two studies in Canada
(Finkenbine et al., 2000; Wamock and Lagoke, 1974), and one in each of France and
Israel. The majority o f these studies focus on alluvial channels (sand and gravel) with
few non-alluvial or semi-alluvial (e.g. mix o f alluvial and glacial deposits in the case of
Seattle area streams studied by Nelson and Booth, (2002)). In addition to the uneven
global distribution, the proportional coverage o f urban land within each basin, and basin
areas varied, but as indicated in Chapter 1, relatively large basins (>50km2) with a high
urban proportion (>80%) are not represented in Chin’s analysis, so it is unlikely that
these studies exist. Larger basins might elicit a different hydrological response than those
smaller ones because development is more gradual across larger areas, and the channel
might respond accordingly. Therefore, in addition to using urbanization as an example to
study channel adjustment in response to an imposed change in discharge, particularly for
those with documented hydrological change, there are reasons to expand the knowledge
base o f urban rivers by looking at basins in different geographical locations, and of a
combined larger size and urban land proportion.

2.4 Timescales and conceptual models of urban channel adjustment
In his study, Hammer (1972) found spatio-temporal variability in cross-section
enlargement, explained primarily by the amount o f time urban land cover had existed
within each catchment. Because channels require time to adjust, impervious surfaces
from 4-15 years old were associated with the most downstream enlargement (up to six
times) and development less than four and greater than 30-years old showed little
response, or a tendency toward recovery (Hammer, 1972). But these time trajectories are
not the result of multiple observations over time, rather a comparison between the ages of
the urban channel for different catchments. A channel requires time to adjust, and
therefore, given equivalent effects, a reach downstream of an older urban area will show
more adjustment towards a new equilibrium than a reach downstream o f a new
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development (Hammer, 1972; Kang and Marston, 2006). Recent developments in storm
water management to control downstream effects also create contrasting stream flow
properties between earlier and later developed basins (Meirdiercks et al., 2010).
Therefore, the age o f an urban area alone is enough to alter the trajectory of channel
adjustment. This then questions the validity of Wolman’s model of channel response to
urbanization, which is often cited when describing the urban affect upon rivers (e.g.
Nelson et al., 2006) but has never really been tested or assessed in different
environments. Rather, it tends to be used to introduce the concepts of response and
relaxation from urbanization. The model was developed from low relief US eastern
seaboard catchments, focusing on changes in sediment flux, and differences can be seen
globally (Chin, 2006). For example, tropical streams may exhibit a greater sediment load
brought on by urbanization, but this might be the result of weathered environments that
are more easily erodible rather than simply the higher discharges (Leigh, 1982; Chin,
2006). Therefore there is a limitation in applying the Wolman model because different
locations have different sediment sources/inputs.
Chin (2006) modified Wolman’s model by suggesting three phases, and used the
literature to explore time trajectories for each designated period (Figure 2.2). The
previous two phases were divided into three periods: reaction, relaxation, and adjusted.
The reaction period (a) is identified between the initial onset of urban construction and
the initial increase o f sediment supply. The relaxation period ranges front aggradation to
enlargement, and is further divided into three parts. First (b) is the time it takes for the
sediment yield to reach its maximum value, and the stream aggrades and narrows. Second
(c), represents the first stage o f decline in sediment yield as increasing discharges flush
out stored sediments, but the channel is still in a stage of net aggradation. However, this
does not account for increased channel erosion, and is not based on any real assessment
of the sediment budget. Then third (d) is the period of channel enlargement, characterized
by bank erosion and incision, while discharges continue to increase. The final adjusted
phase that she designated (e) was that o f a new equilibrium, where sediment yields,
hydrologic regime, and channel enlargement approach new quasi-stability.
The time values for each phase/period proposed by Chin (2006) were collected
from 17 rivers, more than half (9) within the US. Only two of the drainage areas were
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very large (288km and 2410km ), with the rest ranging from l-35km , and the degree of
urbanization was not reported. Neither study in larger catchments spanned all three
phases, with the majority showing adjustment trajectories for only one period (e.g. period
o f net erosion). The time trajectories varied considerably between studies, ranging from
years to decades. Therefore this model cannot be used to predict time ranges, and it is
simplified in assuming a single style (step or ramp) of change followed by gradual
relaxation without considering the effects of agitations or shocks from intervening floods,
or latent change pending a large disturbance event (e.g. 100-yr storm) (Ferguson, 2008).
The Chin/Wolman model focuses on the sediment flux spike, and does not consider
discharge as the controlling change, though it is the primary driver of adjustment. A
combined model o f discharge with this possible sediment spike considering possible
complex change trajectories might be more suitable. The model also lacks any indication
o f the extent and time-frame of urbanization and its effect on channel response. But it is
still useful in that a river can be categorized into a more precise phase than “post
construction”. Time trajectories will vary within a basin, particularly larger ones where
urbanization spreads gradually in one or many directions. Furthermore, the extent of
urbanization within the basin will create variability in the time it takes to reach potential
equilibrium. These conceptual models lack real detail in their presentation, but they
create a good starting point for understanding the relationships between urbanization,
discharge and morphological adjustment of rivers.
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2.5 Some generalizations on channel change and urbanization
Overall there is a general trend o f increased discharge and decreased sediment supply as
impervious surfaces propagate through urbanized basins, and stormwater is delivered
efficiently to the channel. The result o f this is an alteration to the channel morphology
where channels enlarge and straighten, consistent with the theory of Schumm (1977) and
Kellerhals and Church (1989). The conceptual model by Wolman (1967) and the
modification by Chin (2006) provide a means to visualize the channel response over time,
and determine the progress o f channel adjustment relative to equilibrium. But these have
a limited basis of hydro-geomorphic settings and Chin’s model shows great variation in
the time trajectory of response between studies. There is the potential for providing a
stronger physical basis for understanding channel response using hydraulic geometry and
regime theory, and add to the limited qualitative expectations from conceptual models
and Schumm’s channel metamorphosis. There is also a need for historical work on
channel adjustment to determine reasons for spatial differences in response and better
understand the timescale and process o f adjustment, for channels with well-defined
hydrological changes. This then creates the possibility o f a quantitative analysis of
channel adjustment in relation to river regime theory and based on data on slope, grain
size, and bank strength, in addition to discharge and morphological change. Regime
analysis has some inherent limitations (see section 2.2) but provides a starting point for
analysis o f morphological adjustment and this approach has not been applied in previous
studies o f urbanization. Considerable hydrological and morphological data that appears
to have been lacking in many previous studies, can be applied to timescales of adjustment
using historical data to develop a trajectory o f change. Also, historical morphological
information can provide the qualitative context for channel adjustment proposed by
Ferguson (2008) as a necessary complement to quantitative predictions. There is a lack of
studies that provide a quantitative explanation of channel changes associated with
urbanization using multi-epoch data for a period encompassing the entire period of landuse change. Using other methods (e.g. space-time substitution) does not account for the
actual urban hydrological adjustment upon a single river channel, nor the effect of other
factors like infrequent large flood events and channel engineering, and their influence on
the trajectory o f change.
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2 .6

Study rationale and the case of Highland Creek

From the literature, it is apparent that there are several reasons to observe channel
changes from a known disturbance and from urbanization in particular. There is practical
significance where the increased flood magnitude and frequency, with added erosion and
deposition changes, poses adaptive challenges to channel and floodplain ecology, and
human populations and infrastructure. But there are also academic reasons for such
observations. There is a need to test hydraulic geometry and theories of channel change
using well-documented cases, which seems to hardly have been done (e.g. Chew and
Ashmore, 2001, Ferguson, 2008). Similarly, time trajectories and patterns of change
(overtim e) provided by conceptual models (e.g. Wolman, 1967, Knighton, 1998) require
investigation to see whether they represent real trajectories o f change or applicable to a
wider range o f cases. These will likely vary, as will hydraulic geometry predictions from
observed channel adjustment depending on the river type, flow history, physiographic
setting, and engineering interventions. In the case of urbanization as an ‘inadvertent
experiment’ on channel adjustment, many studies are based on space-time substitutions
with limited information on: the hydrological changes inducing the adjustment, the type
o f imposed change (e.g. cycles, steps, ramps), and the complexity o f spatial patterns,
temporal trajectory and processes o f adjustment. None appear to have applied regime
theory and concepts of river channel adjustment to compare and quantitatively assess the
observed change and the utility of these predictions as a channel management tool. Such
a method would add quantitative expectation to qualitative conceptual models and
channel metamorphosis, as well as consider changes to sinuosity (length) and channel
pattern, and the possible complications to the cycle of change and trajectory of
adjustment from engineering and large floods that are not included in quantitative
predictions (Ferguson, 2008).
A case study approach is useful as a test o f regime predictions of channel change
from inadvertent consequences of land-use and to provide qualitative and quantitative
information on the process of channel adjustment. Urbanization presents one o f the
quickest and most extreme land-use changes and drives substantial changes in controlling
factors (e.g. discharge) in channel adjustment and eliciting a clear and measurable
response. Case studies o f urbanization can further provide better understanding of the
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urban channel response and also contingent effects of local geomorphic and hydrological
conditions. Previous studies assume simple ‘natural’ responses, but the real urban
responses are likely to be hybrid natural and engineering changes (Chin and Gregory,
2001). Also, most studies do not consider the hybrid changes or discuss cases of non
response, except with regards to dam construction and its effects (e.g. Graf, 2000). New
cases are needed that can provide insight into the effectiveness of hydraulic geometry
equations and conceptual model as predictors, and a basis for analysis, of channel
morphological change while expanding current knowledge on the effect of urban
development on river channels in general. Only historical (rather than space-time
substitution) cases, o f which there are very few, can provide this analysis.
Highland Creek in Toronto, Ontario is a relatively large highly urbanized
catchment that has a well documented hydrological change at the higher end of the
response range quoted by Chin (2006). Therefore it presents a case where the above can
be accomplished. It is in a different type o f landscape than previous literature (low relief,
glaciated with semi-alluvial rivers incised into glacial deposits) and within a different
hydro-climatic region with semi-nival annual flow regime. It has experienced peak flow
increases as a result o f extensive urbanization with consequent large morphological
changes. This makes measurement accuracy and precision from historical air photos less
problematic than for smaller rivers or those with relatively small morphological changes.
There is available series o f air photos for multiple (5) epochs spanning thé period of
urbanization from mainly rural in 1954, to almost entirely urban in 2005. These allow
morphological trends to be tracked through time, and rather than ignoring the effect of
extreme floods, they can be identified. This time coverage can identify when and where
the most change happened, and allows observation o f the influence of channel
engineering and restriction, in addition to the natural response that is often sought. So
here we have data provided for a longitudinal case study, the option to observe variability
across the channel network, and a new location to expand the geographical range of
existing cases. The chronic erosion problems in this case, and the expense of mitigation
and control, have lead to extensive study and data compilation providing background
information for a case for which it is known that substantial change has already occurred.
These known changes can be used to test the existing hydraulic geometry and regime
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equations, and the longitudinal monitoring allows for changes to be observed pre-and
post urbanization. Highland Creek is a partially alluvial channel and this also allows
some assessment o f whether this type o f river responds differently from a fully-alluvial
channel for which most regime equations have been developed. There is also merit in
studying Highland Creek for its own sake as it has suffered chronic erosion problems and
failed engineering structures following urban development, causing damage and loss to
property and infrastructure. Geomorphic analysis may provide some context for future
mitigation o f these problems.

2.7 Research Questions
1. What has been the morphological response and trajectory of change of the channel of
Highland Creek, especially width and sinuosity, to changes in streamflow hydrology
during and after urbanization o f the catchment?
2. How reliable are existing predictive methods in describing and predicting these
changes and the variation in response along the channel network?

\
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Chapter 3: Case study - Highland Creek
The primary goal o f this thesis is to describe the fluvial response and trajectory of
channel adjustment (especially channel width and sinuosity) to an imposed change in the
prevailing discharge regime as a consequence o f urbanization of the catchment, and
compare the results with predictions from regime theory and conceptual models for river
channel adjustment. This will also provide some possible guidance to the use of fluvial
geomorphology in management of urbanizing rivers. This will be done through analysis
o f the case study o f Highland Creek, Toronto. A case study approach was chosen because
it allows for a detailed, longitudinal analysis o f channel form, from which the data can be
used to test hypotheses o f hydraulic geometry, channel metamorphosis and regime
theory, and gain an understanding o f how such theories can be applied in similar cases.
This case was chosen for several reasons:
1. Highland Creek has undergone a rapid transformation o f its primary land-use,
from agricultural to urban since the late 1950s. The result of this has been a
large increase in magnitude and frequency of peak flow events during
progressive urbanization of the catchment. This has caused chronic and
extensive erosion, channel geometry change, and instability that threatens
existing infrastructure including earlier engineering works. The loss of
property and cost of engineering requires quantitative and qualitative
investigation into historical trends o f change. As a result of the need to
understand this geomorphic adjustment, extensive study of the hydrology and
geomorphology o f Highland Creek have been completed, in addition to studies
for natural channel design and engineering. This provides a wealth of
background information available for use in this thesis that might not be
available elsewhere and the results from this thesis research may be of practical
value to ongoing management o f Highland Creek.
2. The available hydrological and photographic records encompass a period prior
to, during, and after the onset of urbanization. These can be broken down into
periods o f pre and post urbanization, to both see whether Highland Creek has
responded as expected, and to test whether the predictive equations can
determine pre and post-urban channel geometries and to provide a longitudinal,
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historical and spatial analysis o f the trajectory o f channel change through the
entire process o f urbanization.
3. In addition to hydrological data, previous work on Highland Creek, especially
by Parish Geomorphic and Aquafor Beech Ltd, provide field data on the
channel characteristics including bank materials and protection work, bed
material grain size, and channel slope. In addition, stream power maps have
been developed from DEM analysis and discharge-area relationships
(Ferencevic, 2008). These provide the data needed to apply channel regime
equations to this case.
4. There is good documentation of engineering works along the river system that
provides the data needed to understand the role o f engineering in mitigating or
limiting the channel adjustment.
5. Highland Creek extends the current pool o f case studies of river response to
urbanization. It is a relatively large catchment with a very high (proportionally)
urban land cover, a combination that appears absent in previous studies and is
at the upper end o f the currently documented range of flow magnitude changes
from other urbanization case studies. The flow regime is partially nival with
(under non-urban conditions) substantial spring freshet. The channel is semialluvial and adjustment may be modified by non-alluvial channel boundaries.
Sediment sources are primarily from steep valley sides and floodplain erosion,
rather than the land surface o f the catchment, and therefore response of
sediment supply may be different from other geomorphic regions, but it is
similar to many small streams and rivers draining in the lower Great Lakes
region.
6. The extensive engineering, including documented channel length reduction and
bank hardening, that has resulted from the extensive urbanization is likely to
have an effect on the channel morphology and response. The historical data
often spans times o f engineering, therefore allowing for the effect of
engineering to be observed; an aspect of fluvial response to urbanization that
appears to be often neglected in previous cases (Chin and Gregory, 2001).
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Therefore Highland Creek, while a unique case for its location, size, and extreme landuse and hydrological change, also provides an opportunity to study the historical changes
to the channel, the consequences o f engineering intervention, and the data needed to
provide both qualitative interpretation and quantitative assessment of river regime change
(Ferguson, 2008). The known hydrological shift, and channel response create a good
opportunity to test the predictive methods for channel adjustment. This is important for
urban cases to develop better understanding o f expectations and timescales of adjustment,
for the practicality of using predictive equations in channel design and management
schemes, and for extending the analysis o f river change in general.

3.1 Location
The Highland Creek catchment is located on the north shore o f Lake Ontario, almost
entirely within the former City o f Scarborough, now the City of Toronto, with a small
portion o f the upper catchment located in the Town o f Markham (Figure 3.1). It falls
under the authority of the Toronto and Region Conservation Authority (TRCA), and as of
1999 the population within Highland Creek catchment was 357,673 (TRCA and City of
Toronto, 1999).
At the mouth at Lake Ontario the upstream drainage area is 102km2, with
maximum and minimum elevations o f 210m a.s.l. and 75m a.s.l., giving total relief of
135m (Ferencevic, 2008). Figure 3.2 shows the extent o f Highland Creek qnd its sub
basins, with a number o f branches that are referred to in subsequent sections o f the thesis.
The Water Survey of Canada (WSC) operated a stream-gauge for over 45 years since
1958, but peak flows are available from 1961 (02HC013 “Highland Creek near West
Hill”), located just upstream o f Momingside Ave on the Main Branch (Figure 3.3).
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3.2 Physiography
Highland Creek flows through two physiographic regions referred to as South Slope and
the Iroquois Sand Plain (Figure 3.4) (Meriano, 1999; TRCA, 1999). The South Slope
region is a regional slope on the south side o f the Oak Ridges Moraine, a large interlobate
moraine that extends roughly parallel to the north shore o f Lake Ontario, north and east
o f Toronto (Figure 3.5). The moraine developed during the recession of the Laurentide
ice sheet as water ponded and sediment was deposited between the Ontario and Simcoe
lobes of the ice sheet and the Niagara escarpment. Its springs serve as the primary source
for the headwaters o f local rivers (Geoscape, 2008). In this region, the stratigraphy of the
glacial deposits is composed of, from upper to lower: Halton Till (12,000 y.b.p.),
Mackinaw interstadial outwash sands and gravels (13,000 y.b.p), Newmarket (Northern)
Till (20-15,000 y.b.p.), Thomcliffe silts and sands (45,000 y.b.p), Sunnybrook diamict
(two layers: lower silty clay diamict, and upper varved clay) (50,000 y.b.p), and
Scarborough thick sands and silt (60, 000 y.b.p.)(Meriano, 1999; Boyce and Eyles, 2000)
(Figure 3.6). The deposits are underlain by the Whitby formation (Late Ordivician
shales) the surface o f which slopes southward, and its elevation at Lake Ontario is
approximately 50m a.s.l. which is 25m below the valley floor of Highland Creek at its
mouth.
The Iroquois Sand Plain region is comprised of permeable sands and gravels
deposited in a proglacial lake (Iroquois) 12,000 y.b.p. (Muller and Prest, f985). At this
time, water levels o f the lake were 40m higher than those o f present-day Lake Ontario.
Therefore the shoreline can be seen in inland features o f gravel bars and bluffs (Muller
and Prest, 1985). The sand plain is located between the former and current lake shores
and composed o f offshore, coarse, sandy deposits (Chapman and Putnam, 1973; Fig 3.7).
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Figure 3.4: Highland Creek physiographic regions (TRCA, 1999: Map 8).
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Escarpment to the West (Geoscape9 2008).
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Figure 3.7: Surficial geology o f Highland Creek (TRCA, 1999: Map 9).
The topography o f Highland Creek shows distinct entrenchment o f the channel
beginning downstream o f Hwy 401, with valley depth increasing downstream to a
\
maximum o f 35m, along with valley widening with widths typically 200 to 300m in the
lower valley (Ferencevic, 2008) (Figure 3.8). The channel bed along most reaches is
composed o f clay (till) (Figure 3.9a), thin layers o f alluvium (coarse gravel or boulders,
or fine gravel with bars) (Figure 3.9b), or it is engineered (armoured) (Figure 3.9c).
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Figure 3.8: (Above) digital elevation model o f Highland Creek and surrounding area,
(Below) a rotated, tilted and ten times vertically exaggerated map highlighting the
incision into the Iroquois sand plain.
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Figure 3.9 Stream bed materials along Highland Creek, C is not included in the study
reaches, with: a) till, b) gravel, and c) concrete.
The river downstream o f Highway 401 is a confined single thread gravel-bed
channel, meandering within its limited floodplain and the constraints o f the valley sides.
It can be characterized as a ‘semi-alluvial’ channel (Ashmore and Church, 2001). Semialluvial refers to the idea that these channels have beds with a thin layer o f (usually
gravel-cobble) alluvium, overlying non-alluvial, but relatively erodible, bedrock or
glacial deposits, with limited floodplain development (Foster and Ashmore, 2000). In
southern Ontario they form from river incision into thick glacial, glacio-fluvial and
glacio-lacustrine deposits. In the case o f Highland Creek the river channel flows over the
till deposits o f the South Slope (Halton Till), then it incises into the permeable sands and
gravels o f the Iroquois Sand Plain in downstream sections along the West, East and Main
Branches. The surficial geology o f the South Slope region within Highland Creek is
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covered by relatively impermeable Halton Till (TRCA, 1999; Boyce and Eyles, 2000).
These tills are naturally variable, but are primarily over-consolidated clays, with clasts of
varying size (up to 1,5m) and lithology (Boyce and Eyles, 2000). Cohesive till often
appears in the river bed, and also in the banks o f incised sections. Bank data for sections
downstream o f Highway 401 indicate that the channel has incised through the
sedimentary sequences o f the South Slope and Iroquois Shore (Karrow, 1967). These
bank logs show the position of the channel within the different glacial and glaciolacustrine formations. Some of the strata names have changed from Karrow’s original
nomenclature. Originally, two tills were identified separately (Meadocliffe and Leaside
tills), but were later redefined as the Halton till (Mahaney, 1985). The West Branch cuts
into Halton till, Sunnybrook till (diamict) and Thomcliffe silts and sands between
Brimley Road and the downstream end o f the Scarborough Golf Club, and is incised into
Sunnybrook till, then Scarborough sands closer to the confluence with the East and Main
Branches (Karrow, 1967). The river appears to alternately intersect the same
stratigraphic units at several places downstream, which might be the result of the
undulating nature o f the units horizontally. The East Branch shows a similar pattern of
incision through the same layers, reaching the Scarborough sands at the main confluence.
Downstream o f the confluence, Scarborough sands continue to appear in the banks, then,
further downstream beyond Momingside to Kingston Road and Lawrence Ave the
channel is cut into Sunnybrook till (pebbly mud). Karrow’s (1967) bank lo^s do not
continue downstream of Lawrence on the main branch. These observations may be
dated, but Karrow (1967) appears to be the best available source for categorizing the
channel interactions with the local geology and specific stratigraphic units and
nomenclature. They indicate that Highland Creek is incised into a variety o f glacial (nonalluvial) deposits throughout the length of the watercourse, and recent field photos
provide further evidence of the non-alluvial nature of the channel and the importance of
valley side bluffs and non-alluvial bank material as the primary sediment sources to the
river (Figures 3.10)

47

d) Thorncliffe over Sunnybrook

f) Scarborough sands

i) Sunnybrook till

Figure 3.10: Examples o f exposed bank material interpreted from Karrow (1967).
Overall, the longitudinal profiles o f the main branches o f Highland Creek (Figure
3.11) are slightly convex in the upper and middle portion of the basin, and concave
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towards Lake Ontario, with the steepest reaches in the mid-catchment (Ferencevic, 2008)
This profile shape may be a consequence o f differing composition o f the glacial deposits
or a consequence o f post-glacial headward incision and extension of the channel system
from the outlet at Lake Ontario (Martel, 2008).
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----- Malvern Branch

----- Markham Branch

—
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Figure 3.11: Long profiles fo r Highland Creek and its major branches.
(Ferencevic, 2008, Figure 2.6).

3.3 Urbanization
Over the past 50 years Highland Creek land use and land cover has been transformed
from predominantly agricultural to almost entirely urban in character. By 1997, 85% of
the catchment area was in urban land use (TRCA, 1999). The term “land cover” (the
characteristics o f the land surface e.g. forest, grass, pavement) conveys the extent of
hydrological influence, while “land-use” describes types and composition o f socio
economic activity (e.g. commercial, residential, institutional). Urbanization occurred
rapidly, with a large jump in urban land use and land cover types occurring between 1966
and 1971, and also between 1950 and 1966 with an estimated urban land cover o f 10% in
1950 (Figure 3.12). By 1997, the remaining non-urban land use (15% o f the catchment
area) was classified as ‘open space’ which includes: golf courses, parks, green-space,
utility corridors, schoolyards, agriculture, and cemeteries. After the Hurricane Hazel
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flood of 1954, the TRCA was established and began to reclaim formerly-occupied
(residential) floodplain land for the main purpose of flood protection and regulation. This
created a network of parks along the valleys, contributing to the existing green space.
Figure 3.14 shows that development progressed, chronologically, from southwest to
northeast, beginning at Lake Ontario in the 1950s and 1960s with predominantly lowdensity residential land use, and spreading towards the headwaters in the 1970s through
to the 1990s (TRCA, 1999; Fig. 3.14). Headwater development (especially near, and
north of, Hwy 401) is primarily industrial, commercial, and high-density residential. The
proportional breakdown of land use for the catchment is: Residential, 36%; Roads, 20%;
Commercial/Industrial, 16%; Open Space, 15%; Institutional, 7%; and
Utilities/Transportation (Rail and electric corridors), 6% (TRCA, 1999). The aerial
proportion o f impervious land cover depends upon the type o f urban land use. In the case
o f Highland Creek industrial and commercial land-use have 86-90% impervious surfaces,
high density residential about 70% impervious surface and single-family residential about
50% impervious surface cover (Satgunarajah, 2009). Based on 2005 imagery and City of
Toronto land use data, impervious surfaces are estimated to cover 53% of the basin area
(Satgunarajah, 2009). The land use map shows that most o f the industrial/commercial
land is located in the mid and upper catchment, with residential throughout, though the
difference in distribution of high-density and low-density cannot be determined here
(Figure 3.15).
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Figure 3.12: Urban landcover trend fo r Highland Creek, the dashed line is a visually
estimated value from Figure 3.13 (TRCA, 1999: Map 5). Solid line source: Canada
Land-use Monitoring Program (CLUMP) (Government o f Canada 1966-1986), and
Ontario Land Cover Database (Ontario Ministry o f Natural Resources OMNR, 19901996).

Figure 3.13: Historic development o f Highland Creek (TRCA, 1999: Map 5).
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Figure 3.14: Historical landcover maps fo r Highland Creek, based on data from the
Canada Land-use Mapping Program (CLUMP) and Canmap route logistics 8.2 (Burge
and Desloges, 2005).

Figure 3.15: Land-use map (TRCA, 1999: Map 7).
Like many urban catchments, a network of artificial drainage has been
constructed in the form of roads, storm sewers, downspouts, and weeping systems to
efficiently pass water through the system. The development of artificial drainage may
create a ‘sewer shed’ different from the natural catchment and sub-catchment boundaries.
Examination of the sewer-shed maps for Highland Creek indicates that there are few
differences in the shape and area of the hydrological boundaries of the catchment from
those of the natural drainage except that the sewer sheds have some straight boundaries
where the storm sewers follow the road grid. But essentially the shape and size, and the
total catchment area are almost the same as the natural surface-defined catchment and
sub-catchments (Figure 3.16). In addition to the drainage network, extensive
straightening, piping and channel redesign has been completed to both accommodate
spreading development, and efficiently pass floods through the system (Bellamy, 1994).
Channel realignment has reduced the total length of the channel network by 30km from
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an estimated total length of 104 km in 1956, increasing the average channel slopes as a
result (Aquafor-Beech Ltd, 2007). The details of this are described in Chapter 5. Such
channel changes reduce storage and enhance the effect of flooding in non-channelized
sections (Henshaw and Booth, 2000). These changes in land-use, mainly the increasing
impervious cover, and channelization practices, have had a substantial effect on the flow
regime and flood hydrology.

H IG H L A N D W A TER S H ED

Highland creek
W atershed Boundary

jComervition
ter ffcr t*»tef Of>

Figure 3.16: A comparison o f the DEM derived catchment, and the existing
sewersheds (Source: Aquafor Beech Ltd, 2004).
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3.4 Streamflow hydrology
The main gauge for Highland Creek (Figure 3.3) records flow from 88km2 (of total of
102km ) o f the catchment. This gauge has been operated since 1956, with three periods
o f inactivity: January 1974 to July 1975, January 1988 to January 1989, and a long period
from August 1998 to August 30th, 2005 (I.D. 02HC013 “Highland Creek near West
Hill”). In this thesis the last set o f air photos from which measurements were made was
taken in 2005 and therefore the flows that occurred after 2005 are not included in this
analysis.
The transition from mainly agricultural to urban land has resulted in a change in
the hydrological regime. These changes began shortly after the large (26%) increase in
urban land cover between 1966 and 1971 (Figure 3.12) and continue to follow the trend
o f increased urbanization. The inference that this is primarily due to urbanization can be
justified by comparison with the adjacent, non-urban catchment of the East Humber
(O’Neill, 2008). The average annual stream-flow volume o f Highland Creek has more
than doubled since 1958, while annual precipitation show no long-term trend (TRCA,
1999; O’Neill, 2008). To determine whether this is strictly the result of urbanization and
impervious surface expansion, data for Highland Creek can be separated into pre-and
post urban, and also compared to neighbouring agricultural catchments of a similar size.
Highland Creek has progressively experienced more significant increases in annual total
discharge (Figure 3.17), increased number o f flood peaks (Figure 3.18) los& of
seasonality in the annual hydrograph, and flashier event hydrographs, when compared to
the pre-urban catchment and neighbouring non-urban catchments (O’Neill, 2008). Prior
to the early to mid-1970s, the annual hydrograph of Highland Creek was characterized by
high flows from the spring freshet, and low flows throughout the rest of the year with
occasional peaks in summer and fall. After the mid 1970s, spring high flows continued to
occur, but their relative significance was reduced. Summer low flows were replaced by
flashy flows occurring throughout the summer and fall, even extending into winter. A
regular annual regime was replaced by a near-even distribution of flows, with peaks
occurring throughout the year, with apparent equal probability of occurrence in all
seasons (O’Neill, 2008) (Figure 3.19). A comparison with nearby rural catchments shows

55
none of these changes in flow regime indicates that this was the result of urbanization
rather than any climatic effect (O’Neill, 2008).

Figure 3.17: Cumulative annual discharge fo r Highland Creek and a nearby nonurban gauge (East Humber River at King Creek).
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Figure 3.18: Number o f days the mean daily discharge exceeded specified threshold fo r
Highland Creek (below) and a nearby non-urban gauge: East Humber River at King
Creek (above).
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Figure 3.19: Daily mean discharges fo r Highland Creek showing changes in annual
flow regime between 1958 and 1998. (O ’Neill, 2008, Fig. 3.3).
The frequencies of peak floods have not only increased in number, but also in
magnitude. This is evident when peak flows are compared to nearby non-urban
catchments of similar size that have experienced the same precipitation patterns (O’Neill,
2008). Starting around 1972, peak flows on Highland Creek began to increase in size, 59 times pre-urban conditions and compared to non-urban basins (Figure 3.20). This is a
typical trend when comparing the overall distribution of the ratio of instantaneous (peak)
flows to corresponding mean dailies for urban and non-urban channels, standardized for
their drainage areas (Figure 3.21). Urban catchments in the Greater Toronto Area show
peak flows from two up to ten times the mean daily, with Highland Creek plotting along
the 10:1 line (Figure 3.21). Highland Creek shows a sharp increase in this ratio through
the 1980s and 1990s compared to other urban catchments (Figure 3.22), and has the
highest overall ratios. This indicates an increased flashiness of the event hydrograph,
where the peak for the flood is much greater than the mean for the same day.
The shift in flood magnitude is also evident from the upward shift of flood
frequency curves. These were generated from the annual maximum instantaneous flow
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data for 1961-1972 (pre-urban) and 1973-1997 (post-urban) and show that in the posturban period there is a greater probability for large flow events to occur (Figure 3.23).
•
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The 10-year instantaneous peak discharge increased from around 40m s' up to 160m s'

1

(a four-fold increase). Annual maximum mean daily discharges increased from ~20m3s''
to ~40m s' (a two-fold increase). More frequent and larger peak floods increase the
probability that geomorphically effective floods will occur, because peak values will
represent the maximum stream power available for a particular flood, and the discharge
o f these ‘channel forming’ flows will be much larger. Therefore, this increases both the
probability and magnitude of the floods and the potential morphological response such as
channel widening.
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Figure 3.20: Peak flo w trends fo r Highland Creek and neighbouring agricultural
catchments o f similar area.
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Figure 3.21: Ratio o f maximum instantaneous to corresponding maximum mean daily
discharge events fo r urban and non-urban gauges in the Greater Toronto Area, on a
per area basis.

Figure 3.22: Trend in ratio o f instantaneous to mean daily discharge fo r annual daily
peaks fo r various urban catchments in GTA.
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Figure 3.23: Recurrence intervals fo r series o f annual maximum instantaneous and
annual maximum mean daily discharge fo r Highland Creek fo r pre-urban and urban
land-use. Points plotted using the plotting position formula: RI = (n+l)/rank.

3.5 Flooding history
Highland Creek has also been subject to several notable peak flow events during the
instrumental flow record. However, the largest historical flood may have been generated
by Hurricane Hazel, on October 15lh and 16th, 1954 - a few months after the first set of
air photos analyzed in this thesis and before the stream flow record began, in 1956.
During the flood, water levels in Highland Creek are reported to have risen by 16 feet
leading to the loss of 17 homes in the river valley, and leading directly to floodplain
regulation and acquisition of floodplain land in lower Highland Creek by the TRCA
(TRCA, 1999). A second extreme event occurred over two days in August, 1976 (27th
and 28th). Two major storms passed over the catchment, dropping over 75mm of rain,
and the resulting flood caused 1.3 million dollars worth of damage to foot bridges and
erosion control structures, including every bridge in the Scarborough Golf Club (SGC)
(Kilbom Limited, 1977; Bellamy, 1994). The peak flow for this event is unknown
because the water level gauge was not operating at the time but, using geomorphic
indicators of bankfull width and depth, the peak flow channel capacity for this event was
estimated in the range of 220m V 1 (Bellamy, 1994). These estimates are well above
those recorded for the August 27th, 1986 flood where the peak flow was measured at
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161 m3s''(Bellamy, 1994; TRCA, 1999). The damage from these floods was found to be
so severe, that the SGC sued the City for damages and loss of land due to negligent storm
water management strategies that had increased erosion within the golf course (Lorant,
1994).
Shortly after the final series of air photos used in this study were flown, a large
summer rainfall event occurred on August 19th, 2005 that exceeded the 100-year return
period for the historical City of Toronto rain gauge (TRCA, 2006). The centre of this
storm moved across the upper basin of Highland Creek. The event occurred while the
stream gauge was out o f operation. But a previously calibrated runoff model put the
estimated peak flow for the East Branch (40km ) at around 500m s’ , and the flood wave
passed through the system in only 4-5 hours (Ashmore and McDonald, 2006). The
significance of this flood magnitude can be illustrated when compared to extreme (99th
percentile) instantaneous flows for all regions of the United States, including Puerto Rico
(O’Connor and Costa, 2004) (Figure 3.24). Many reaches showed considerable
widening, channel migration, and one large meander cut-off. Damage occurred to both
municipal infrastructure and private property, including collapse (and transportation) of
armourstone bank protection, the exposure and loss of a long (>500m) section of sanitary
sewer, and property loss to backyards bordering stream banks (~7m depth loss) (TRCA,
2006; Ashmore and McDonald, 2006). This required immediate and long-term channel
re-design implementation. The locations o f the channel responses to this storm can be
used to compare to historical trends identified in this study.
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Figure 3.24: Instantaneous maximum discharge (Q) vs. Drainage Area fo r Highland
Creek and the Toronto region, including to US flood percentiles (Ashmore and
McDonald, 2006). Percentile lines fo r US floods were obtained from O ’Connor and
Costa (2004) fo r all USGS gauging stations within the United States and Puerto Rico.

3.6 Urban channel morphology
Urbanization has led to a marked hydrological response that increases the potential for
geomorphic work during peak flows and a significant increase in the magnitude of the
channel-forming flows. Urbanization has influenced the cross-section and planform of
the channel both directly (e.g. engineering) and indirectly (e.g. channel incision and
widening). The combination of higher, more frequent peak flows, and increased flow
velocities from channelized sections have caused chronic erosion problems, leading to
channel degradation primarily in sections downstream of Hwy 401 (TRCA, 1999;
Bellamy, 1994). The onset of erosion and incision lead directly to engineering
intervention. Engineering of the channel is so extensive that in 1994 only 4km of the
original 104km of channel remains in a “natural to near-natural state” (Bellamy, 1994 p.
121). Prior to 1976, channel works were constructed on a project basis, to mitigate
specific problems with erosion at the reach scale (Bellamy, 1994). Then he describes
post-1976 channel work became extensive, to convey storm water from tributaries, and to
repair downstream sections effected by flooding. It can be argued that channel works are
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still implemented on a project basis in response to recent floods, remediation of previous
failed/inefficient works, and exposure of the sanitary sewer due to incision. Prior to and
during early development, the channel was also severely shortened by engineering work.
The channel network and plan-form has been changed drastically from its preurban configuration. Typically as the channel was realigned, it was also stabilized. The
trapezoidal channelized sections of the upper catchment all contain concrete beds, some
have grass and light vegetation on the banks, while others are completely concrete or
protected by gabion baskets (Figure 3.25 a,b). In some sections, some fine sands and
gravels have deposited on top of the hard bed (Figure 3.25 c). Elsewhere, bank and bed
hardening occurs regularly to protect road, rail, and footbridges, the trunk sanitary sewer,
and private and public property. Consultants at Aquafor-Beech Ltd recently surveyed
bank materials along the channel and concluded that 100% of banks upstream, and 50%
downstream, of Hwy 401 had been hardened using a variety of bank treatments (e.g.
gabion baskets, rip rap, geo-grid, armourstone, concrete) (Figure 3.26) (Aquafor Beech
Ltd, 2007). The type of hardening varies throughout the system, depending on the design
(or need), and the time they were implemented. For example, armourstone is often used
to protect infrastructure or property immediately adjacent, or relatively close, to channel
banks, or where flow velocities are quite high, as in confined sections under road
crossings, while rip-rap can be used to stabilize banks within the floodplain with lower
flow velocities. The use of gabion-baskets has been abandoned since the 1970s and 1980s
in favour of armourstone.
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Downstream o f the Hwy 401 bank hardening is more common than any bed hardening.
Bed hardening in these downstream sections is localized at road and sewer crossings
(Figure 3.27a), but is not necessarily at every intersection between the channel and road
and sewer systems. The hardening of banks is intended to keep the channel laterally
stable, barring any failure o f artificial bank materials, or channel migration away from a
protected bank. While the bed was not directly hardened, a series of weirs and drop
structures (>90 in total) have been constructed as a form of grade control (Figure 3.27
b,c). Despite these measures to mitigate erosion, channel incision continues to occur,
exposing the sanitary sewer in sections (Figure 3.28a) and, coupled with bank erosion, is
threatening bridges and storm-water outfalls (Figure 3.28b,c).

Figure 3.27: In channel structures o f different construction materials, usedfor grade
control and protection o f the trunk sanitary sewer, with a) rock ramp (armourstone), b)
concrete weir, and c) concrete-cobble “ram p” or drop-structure.
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Figure 3.28: Channel degradation damage to a storm-water outfall (a and b), and
sanitary sewer exposure (c).

3.7 Availability of data
Due to the recent history of Highland Creek and consequent threats to infrastructure and
habitat, a wealth of data has been collected that is of value with respect to the objectives
of this thesis. This data can be used to determine, analyse and validate the findings of
channel adjustment, particularly and the effect of engineering in controlling and limiting
the regime adjustment:

-

Historical digital air photos from the City of Toronto (Enterprise Stereoscopic
Model, 2006)
Rapid geomorphic assessments from Parish Geomorphic (Parish Geomorphic,
2006a)
Field notes Aquafor Beech Limited (Aquafor Beech Limited, 2007)
Stream power assessment (Ferencevic, 2008)
Archived copies of design plans and public forums (TRCA, 2008).
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Air photography o f Highland Creek post-2005 flood (XEOS Imaging Inc,
2005)
Historical Air Photos
A series o f digital aerial photographs for Highland Creek were available from the City of
Toronto, with coverage available for 1939, 1954, 1965, 1978, 2000 and 2005. These were
previously ortho-rectified and geo-referenced and can be used to digitize and calculate
the dimensions and locations o f the channel morphology.
Post-2005 flood photos
Photos were flown immediately after the extreme flood event of August, 2005 (within a
couple o f days). These show the extent of damage and channel adjustment, and can be
compared within limits to previous historical trends o f adjustment. However, these were
not corrected for topographical distortion, flight elevation, or camera tilt, so no
measurements o f actual change can be mapped.
Rapid Geomorphic Assessment (RGA)
Parish Geomorphic completed a series of RGAs at selected reaches throughout the creek
system, using a series of indicators to determine a stability index for each location. As a
part o f this, median substrate grain size (Z)50) and channel slope were measured and noted
(Parish Geomorphic, 2006a).
Field Notes: Aquafor Beech Ltd
Similar to the RGA completed by Parish Geomorphic, Aquafor Beech Ltd completed
field surveys along the channel and selected study reaches. Surveys identified and
measured geomorphic dimensions of pools and riffles, slope, width, depth, grain size, and
the type and extent o f bed/bank protection. Analyses also provide averages for each
section, and area-discharge relationships to determine 2-year floods for each section, and
estimates o f bankfull flow.
Analysed Hydrometric Data
Hydrological (flow) data have been analysed previously to determine pre and post-urban
index flows using instantaneous and mean daily values, and modelling by Aquafor-Beech
Ltd.
Stream Power Assessment
Stream power analysis can detail the location(s) along the channel where there is the most
potential for geomorphic work. The regime equations that include discharge and slope
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are, in effect, considering width as a function o f stream power (i.e. discharge x slope =
power). The stream power map was developed by Ferencevic (2008). Channel slope was
derived from the Ontario Provincial Digital Elevation Model v 2.0 with a 10m x 10m grid
for 2005. Also from the DEM and modeled stream flows in the network provided by
Aquafor Beech Ltd, an area-discharge relationship was developed to determine
discharges at any DEM cell in the stream network. The slope and discharge were
combined in a GIS to calculate the stream power map.
Archived design plans and public forum presentations
The TRCA has an archive o f most design plans, proposals, and public forum
presentations for every project implemented within their jurisdiction. From their
collection, a selection of project information from the last 30 years was copied and used
to determine whether changes that occurred over the study period occurred deliberately
(engineering) or naturally.

3.7.1 Selected study reaches
Although Highland Creek presents a new case, being a large and highly urbanized basin,
and photo coverage allows for the potential to track adjustments at a basin scale, only a
select length o f the trunk channel network was used in this study. Due to the complete
channelization and bank hardening of the tributaries upstream o f Hwy 401 (Aquafor
Beech Ltd, 2004), and the difficulty of identifying and measuring channels in the preurban landscape in these areas, only sections downstream o f Hwy 401 were selected for
study (Figure 3.29). It is within some o f these sections that erosion problems exist, and
channel adjustment can be tracked over time.
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Highland Creek area:
Selected study reaches
— Drainage divide
— Stream network
Selected reaches

Figure 3.29: Highland Creek and selected study reaches.
Previous work on rivers in the GTA by Parish Geomorphic resulted in
classification o f the watercourse into valley segments. These valley segments were used
in this study to form the initial channel segments for temporal and spatial comparison and
to provide a common frame o f reference with the consulting studies and City works.
Three major confluences are also present in the study area and although they form the
divide between some valley segments, they were considered separately because their
dynamic nature prevents a static boundary remaining over each photoset. Figure 3.30
shows the breakdown o f valley segments for the study area from figure 3.29.

3.8 Case study summary
Highland Creek demonstrates that development, the spread o f impervious areas,
and the artificial drainage network have collectively altered the streamflow hydrology
substantially and increased the magnitude of peak flows by several times. Such changes
have caused chronic erosion problems. For a large stream, there is a better ability to
measure these adjustments with greater accuracy and precision, because channel
obstruction is o f less issue than for smaller streams. Such measurements can be used to
develop a dataset o f channel geometry that can be compared to existing theories and
predictions o f channel change using historical flow data. The available high-resolution
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digital air photos can be used to quantify the extent o f adjustment through time, and
spatially along the channel, provided a system is developed to measure and monitor
change from photos.

m
S is lmi

Highland Creek Study Area

l M i« v.
m
Figure 3.30: Valley segment map.
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Chapter 4: Measuring channel-change using digital aerial
photography
To understand how Highland Creek responded to urbanization, it is best to gather
morphological data before and after the disturbance. The pre-urban state needs to be
established if possible as a base from which adjustment can be compared. Hydrological
data has already shown that peak flows increased starting in the late 1960s and early
1970s, coinciding with the spread of urban landcover. This urbanization began well over
30 years ago, for which it is not possible to collect field data. Nor is it feasible
considering the area in question is large. Here, air photos will be used to gather and
quantify river morphology for the bankfull channel. Specifically: lengths, widths,
sinuosity and meander belt width. Planform adjustments will be interpreted based on the
length data and planform maps. The results will be interpreted based on flood events,
channel engineering, and field data obtained from cooperating consultants. The results
may then be assessed based on what is expected from regime equations and previous
stream power analysis.

4.1 Measuring river channel change from historical aerial
photographs
Observation of morphological change in river channels can be done by direct monitoring
over years or decades if observations can be initiated at the time of (or prior to) the events
v
causing channel change, but such circumstances or monitoring programs are rare (e.g.
Leopold et al., 2005). In many cases of channel evolution caused by, for example, landuse changes, the morphological change is only apparent in retrospect and analysis can be
done only from historical sources such as maps and aerial photographs. Historical
approaches, such as those used here to document changes in Highland Creek over 50
years, have been used extensively in fluvial geomorphology for this type o f retrospective
analysis and for documenting changes occurring over multi-decadal time spans. An
alternative is to use space-time substitution for catchments with differing extent of
change (such as proportion of urban land cover) to represent the temporal changes to be
expected in any particular case (Chin, 2006), but the underlying assumptions cannot be
assessed, and the trajectory and timing of change cannot be known by this approach.
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Historical maps and air photos allow for relatively rapid assessment of wide
spread changes in a river system but data collection is typically restricted to planimetric
properties and to the time periods for which maps or photos exist. This results in only
episodic (often several years or decades apart) information rather than continuous or
high-frequency (in time) data on morphological change. However, depending on the
rapidity of change and the processes involved, these longer-period observations may
commensurate with the rate and time-period of land-cover and channel changes. Digital
map and air photos make the mapping process efficient and can take advantage of GISbased data organization and analysis. Recent examples of this include mapping of
channel area (Graf, 2000; Winterbottom and Gilvear, 2000), floodplain terraces and in
channel bars (Graf, 2000), channel planform (Nelson et al., 2006), artificial features such
as roads (Graf, 2000), and channel cross-sectional widths (Galster et al., 2008).
Similarly, historical topographic maps have been used to map and measure channel
width, and channel lengths, planform changes and channel migration (e.g. Gregory et al.,
1992; Gumell et al., 1994; Winterbottom, 2000; Surian et al., 2009).
Analysis of planimetric change from aerial photography requires understanding of
the characteristics of aerial photographs, and a series of steps are needed to provide
precise and accurate planimetric data and assess precision of the data derived from the
photos. Aerial photos do not have a natural scale or position, and small variations in
nominal scale may occur even between adjacent photographs and flight lines, depending
on variation in flying height of the camera. Sequential (in time) photos require a common
spatial reference, orientation and scale. In addition, individual aerial photographs contain
radial, tilt, and topographic distortion, which have to be corrected in order to produce
orthorectified photos (orthophotos) which have a uniform scale across the photo and in
which topographic displacement is eliminated. In addition, with multiple time periods,
errors due to photo position (georeferencing) have to be assessed. Finally, the precision
of digitization of channel boundaries on the corrected photos needs to be checked (Lane,
2000 ).
Overall, a system to map, collect and organize data for analysis is required to
observe spatial patterns of channel change within epochs, and changes between epochs.
A significant challenge in mapping change over long time periods is developing a spatial
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reference from which the same sections of channel can be compared over long time
periods so that channel change can then be disaggregated into relatively short reaches for
analysis o f differences in response along the channel system. Some previous studies have
measured cross-sectional widths at specific points along the channel and re-sampled at
what was identified as the same location in different epochs (Gumell et al., 1994;
Gumell, 1997; Galster et al. 2008). Widths were then compared between epochs and
patterns of change measured along the channel. However, if there is significant channel
migration, or changes in channel length or sinuosity between epochs of measurement, it
becomes much more difficult to identify equivalent locations on the channel in successive
time periods. Consequently, direct comparison between time periods at a particular crosssection or short channel reach, or at a particular position along the channel, or distance
upstream from a fixed point, is not possible. An alternative approach is to fix the location
o f particular channel or valley segments between identifiable points, and measure
changes within these segments, which are at equivalent positions along the valley or
relative to a fixed reference. This has been done in two different studies using variants of
this approach. Winterbottom (2000) identified points along the channel that remained
stable for the entire photo-record. Vector lines were drawn at these points, perpendicular
to the channel and stored together as a layer in the G1S. Between the vector lines,
channel boundaries were digitized to quantify planimetric properties and to overlay
channels from successive time periods to describe patterns o f channel change and
migration between these fixed points. Gumell et al. (1994) also created a series of
segments for reference in their study but, rather than selecting stable nodes, they used
1000m lengths of channel for one o f their epochs to create a vector layer of segment
boundaries and then overlaid the layer onto the other photos from other time periods. In
both studies, these segment breaks were geographically fixed and applied to successive
photo epochs, from which features were digitized and analyzed within each segment. The
use o f channel segments provides an attractive means for collecting data from aerial
photos for a morphologically dynamic system by removing the need to determine
temporally paired cross-section points for a shifting channel. It may reduce the spatial
fidelity and the possibility of analyzing the statistics o f small-scale variability in channel
morphology within segments, but segment length can be adjusted to be commensurate
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with the scale of local variation in channel dimensions and the length scale of channel
patterns. This segment-based approach is used here.

4.2 Developing a reference system
Unlike some previous studies where single point locations were monitored along the
channel (e.g. Galster et al., 2008), an overlay irregular grid system was devised and data
was collected within grid cells. These cells need to be small enough to enable
observation of spatial patterns of adjustment, but not so small as to mask large
morphological changes (e.g. cut-offs). To do this, the channel was divided into segments
and measurements were divided into sets bound by the segment limits. As a part of the
Geomorphic Systems study for Highland Creek, the stream had been divided into valley
segments according to ecological conditions (Seelbach et al., 1997) (Figure 3.30). These
valley segments formed the primary basis for the organization of data collection. They
were then further divided to form a series o f “sub-segments”, referenced using an upvalley distance. Three major confluences are also present in the study area and although
they form the boundary between some valley segments, they were separated from the
valley segments because their dynamic nature prevents a static boundary for
measurement to exist across the time period (same figure as above). This segmentation
method most resembles that o f Winterbottom (2000), but contains some differences.
In applying her method, Winterbottom (2000) used channel segments that were
bracketed by “stable nodes” at the upper and lower limits of each segment. In the present
study, stable nodes could not be readily identified and so a different approach was used to
define valley “sub-segments” as the basic unit o f analysis and reference frame between
epochs. First a “reference line” was created to provide a longitudinal distance axis along
the valley common to all epochs. This line was composed of straight line-segments
constructed parallel to, but offset from, the stream course and close to the top of the
valley. Using the reference line (Figure 4.1), each sub-segment break was drawn to
define the upstream and downstream limit of each valley sub-segment, and upstream
distances were determined where the sub-segment break intersected the reference line.
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Figure 4.1: Sub-segment development, and components, using H8 as an example.
Sub-segment breaks were positioned using three steps. First, primary breaks were drawn
at the downstream end of each branch, or close to the downstream end in the case of the
three confluences. Second, breaks were drawn immediately downstream of major
tributary confluences outside of the three major branch confluences, because these are
locations at which a step increase in drainage area and discharge would cause a step
increase in channel width and are therefore a natural break in the longitudinal trend in
channel morphology. These two steps resulted in the reference line becoming split into
separate sections at these locations. Then, thirdly, subsequent breaklines were drawn at a
regular distance (400m) up-valley from the confluence breaks. This regular distance was
obtained by was applying a visual basic script to the reference line to break it up based on
the chosen distance of 400m, beginning at the downstream end. (Hitchen-ESRI, 2007:
http://forums.esri.com/Thread.asp?c=93&f=982&t=235014). This sub-segment length
(400m) was chosen based on trials using various intervals from 100m to 1000m. The
smaller intervals were too small to show significant length and width adjustments (they
are shorter than typical meander bends), while the larger ones were too large to show the
details of length and width changes along the channel. Sub-segment break-lines were
drawn perpendicular to the valley axis at that point. Breaklines were later added to either
side of road crossings because bridges are stable references, and channel erosion has been
documented to increase downstream of road crossings (Chin and Gregory, 2001). In
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retrospect it may have been wise to use bridges as initial sub-segment breaks in addition
to confluences, and so avoid the few short sub-segments that resulted from the bridge
breaks. The reference sub-segment grid created using this procedure worked as a means
for temporal and spatial comparison, and the resulting valley sub-segments, are the basic
unit o f analysis.
There are three major confluences within the study area, and they form the
primary boundaries between a few valley segments. Confluences are not naturally static
features, causing boundaries to shift for a few valley segments, and consequently subsegments containing these confluences were treated separately in the analysis (Figure
4.1). Valley segment H8 is bounded by two such confluences (Figure 4.1). Overall, 61
sub-segments were generated, including 7 confluence sub-segments (Figure 4.2).
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4.3 Photo acquisition and software
The initial plan for data acquisition was to use aerial photographs for Highland Creek
available from the City o f Toronto, with coverage available for 1939, 1954, 1965, 1978,
2000 and 2005 that are integrated into the City’s Enterprise Stereoscopic Model (ESM).
Through the use of a web-based viewer and GIS system (DVP Webviewer), these photos
could be selected, viewed and measurements could be made on screen. In the ESM-DVP
system, all images are orthorectified and georeferenced into the same reference system, at
the same scale. The system also featured stereo viewing with a custom mirror stereoscope
for a computer monitor, or by using cyan-blue glasses to view anaglyph images. Features
could be digitized and saved for future viewing/analysis. The georeferencing allowed for
overlay o f digitized vectors from one epoch onto another, and stereoscopic viewing gave
better topographic detail for boundary mapping.
The initial intent was to do all mapping o f channel changes on Highland Creek
using this system, which was made available for the project through an agreement with
the City o f Toronto. However, after some testing, it became apparent that, despite these
features, the system also had some drawbacks for mapping changes. The largest problem
was that the 1954 photoset was not georeferenced properly, and any vectors created
during measurements could not be located for comparison in subsequent photosets. Also,
although the option to view imagery and digitize in stereo was an attractive feature, any
boundaries digitized while viewing in stereo, would not project in the sameMocation when
viewed normally - there was a spatial shift between viewing modes. Because this
software was web-based, there was considerable lag while panning images, and in
addition, the imagery was not assembled as a mosaic. These two issues made continuous
boundary tracing between individual photos quite difficult and frustrating. Regrettably,
the original measurement plan had to be abandoned and an alternative approach was
devised involving taking screen captures of images from the DVP-webviewer which were
then assembled into mosaics using photoshop and GIS software separate from DVP. This
added several steps, and considerable time, to the measurement process (Figure 4.3), but
was necessitated by the shortcomings of ESM-DVP for this application.
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Figure 4.3: Methods flowchart.

4.4 Photo stitching and Georeferencing
Screen captures were only made for three photosets from ESM/DVP: 1954, 1965 and
1978. They focused on the channel, the valley, and any distinct and persistent features
that could be used as ground control points (GCPs). The oldest photoset used was 1954
due to indeterminacy o f the channel in the earlier sets. In 1939, the problem was a
combination of the small channel and forest cover causing obstruction that resulting in
the abandonment o f these photos. For the available epochs after 1978, ArcGIScompatible digital orthophoto-mosaics for 2002 and 2005 were obtained from the
University o f Toronto and the University o f Western Ontario map libraries, respectively.
All photos used in this study were previously orthorectified, and therefore did not require
correction for terrain displacement, camera tilt and lens distortion. But, the screen
captures from the orthophotos in ESM/DVP required georeferencing in order to assemble
them in the GIS.
A series o f individual raster images (.tiff) were produced from the screen captures
and stitched together in Photoshop to create mosaics for each valley segment. The
process was done manually, rather than using automatic stitching that, when tested,
warped the orthophotos. When the screen captures were made, an area of overlap was left
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between adjacent photos from which the mosaic could be assembled. The resulting photo
mosaics were each o f different scale from the 2002 and 2005 orthophotos and lacked any
geographic position. Therefore, each mosaic was imported into ArcGIS, re-scaled and
georeferenced (UTM Zonel7N, North American Datum 1983).
Georeferencing and adjustment was based on Metro Toronto Base Map (MTBM)
vector fdes which contain road, bridge and building footprints as reference points known
as ground control points (GCP) (University o f Toronto Map Library, 2007). These are
points that are identified by having a known spatial reference coordinate, from which
their corresponding location in a non-referenced photo can be fixed. Although a number
o f the reference points were visible as far back as 1954, finding a sufficient number of
GCPs in the earlier epochs proved impossible. In these circumstances the top of the
valley was used to orient and position image, because the Creek is confined within welldefined, steep valley walls that remained stable throughout the photo record. Using 5m
contour vectors, the valley top was defined in 2005 orthoimagery and used as a reference
line for the 1954 and 1965. Typically, large bluffs and sharp bends in the valley top
provided the best control points, and were used in addition to any available ‘hard’ GCPs
such as bridges or buildings. For each mosaic at least four GCPs were used, located
evenly on either side o f the valley along the length of the mosaic to avoid clustering of
points that can cause photo distortion. Figures 4.4 and 4.5 show the positioning of a 1965
mosaic before and after georeferencing, respectively, to illustrate the effectiveness of this
procedure and the extent o f adjustment required. These figures consist of three sets of
layers: 1965 black and white mosaic, MTBM shapefiles for roads and buildings, and the
2005 Toronto orthophoto as a background. The red arrows in Figure 4.4 indicate the
trajectory o f GCPs from their position in the un-referenced 1965 mosaic to their
referenced locations identified by the vector files and the 2005 orthophoto. Figure 4.5
shows the final rectified position o f the mosaic with the GCPs located in the correct
position and identified by red X ’s.
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Figure 4.4:1965 mosaic prior to georeferencing.

Figure 4.5: Rotation and re-scaling o f a 1965 mosiac, referenced into geographic
coordinate system based on MTBM.
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4.5 Photo error
Errors occur in measurement of channel change on air photos from three sources:
boundary interpretation, digitization, and photo rectification (Winterbottom and Gilvear,
2000). Boundary interpretation error results from the placement and replicability of the
operator when identifying features on the photo, not from the photo processing
procedures. The latter two errors result from the procedure required to import photos or
maps into a computer program for digital analysis, hereby known as ‘photo error’. The
digitization process had already been completed for these maps as they were scanned
from paper and converted to digital raster file. Data rectification is the rescaling and
rotation o f the image to fit it within a desired geographic coordinate system
(georeferencing and georectification). Georectification is the final transformation
creating a new raster file from the georeferenced mosaic. Although this had previously
been completed for ESM, as section 4.4 indicates, this process was required for the photo
mosaics. The errors from this can be determined by assessing the photo error, which is
the deviation of points in the photo from their real locations in space, as well as any
visual warp that is apparent. In this study, these errors result primarily from horizontal
positioning rather than relief displacement because the photos were already
orthorecti fied.
To assess the error from digitization and data (photo) rectification, previous
studies have used the Root Mean Square Error (RMSE), and from this obtained an
accuracy value for which measurements can be analysed. Because the digitization process
was already completed and errors were not available from this, the focus of photo error
here is placed on the georeferencing and rectification process competed here for the
photo mosaics. Photo errors primarily occur because georeferencing rotates and re-scales
photos to align them within a designated geographic coordinate system. The distribution
and availability o f GCPs can result in some positional error and warping of the geometry
of the photo. As in previous studies (e.g. Leys and Werritty, 1999; Winterbottom and
Gilvear, 2000; Galster et al., 2008), georeferencing error was originally assessed through
the RMSE, as calculated in ARC-GIS. RMSE is an aggregate statistic that combines
individual differences into a single value of reliability (error). During georeferencing,
RMSE is a measure o f the deviation between the actual and the estimated (in the photo
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plane) location of a control point, and as an aggregate it changes as points are added
(Equation 4.1).
RMSE=V{[ I ( x acrx est)2 +

X (y ac,-^ est) 2] / «

}

Eq. 4.1

In this study, the actual location is taken to be the location of the MTBM vector (building
comer or intersection) and the estimated location is the position of the GCP after
georeferencing, while n is the number of points under analysis. It was attempted to keep
the RMSE low, but with the inclusion of each point it kept rising in excess o f values
deemed acceptable in previous fluvial studies using aerial photos with maximum RMSE
o f 10m (Winterbottom and Gilvear, 2000; Urban and Rhoads, 2003; Galster et al., 2008).
Visual inspection did not reveal that this increase in RMSE was accurate, and it was later
discovered that ArcGIS version 9.2 had problems with calculating RMSE. So it was a
software error rather than a user error. But it was still very likely that the mosaics were
positionally incorrect on average, which can result from the photos rotating, horizontally
shifting, and/or warping. These inherent positional errors associated with the newly
rectified photo will be transferred to the boundary tracing process if they are not
addressed. In light of the issues with this version of ArcGIS, a separate analysis of
positional error was undertaken. This was done by first observing absolute differences in
metres for both the x and y axis between actual and estimated GCPs along the channel.
Then, comparison of digitized measurements through regression for pre and post-rectified
orthophotos was used to assess actual differences in measurements. Finally', clearly
identifiable boundaries were measured for paired features between georectified photos
and the 2005 orthophotos. These three steps assess the photo error for both position and
warp, and indicate whether there will be any implications of the georectification upon
data collection and measurement error.
To gather a better sense of the differences between individual points and their
actual coordinates, a series of stable points were selected from the georeferenced images
(1954, 1965, and 1978) along each valley segment and their difference in position was
compared to its corresponding location in the 2005 imagery. Their UTM coordinate
values were subtracted from the coordinates in 2005, and the absolute differences
determined the varying directions and magnitudes of photo shift for each epoch. The X
and Y differences plotted together as a cumulative probability distribution shows that
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positional errors become progressively greater from 1954 (Figure 4.6). The sample size
for each year increased from 11 to 30 to 36, these are doubled for the figure 4.6 where
absolute differences for X and Y are included.
The results of this analysis show that there are differences in each direction with a
few large errors, including one outlier showing 30m o f displacement to the north at the
upstream end o f segment H9 for 1965. The possible explanation here is that a lack of
GCPs in this area coupled with abundance just downstream may have caused rotation of
the photo. This would then have the affect to shift the boundaries of the digitized channel
between epochs, creating a need to adapt digitization of channel features to allow for
comparable measurements. Furthermore, the combination of x and y errors uneven
throughout can also suggest that photos have undergone some warp during
georectification.

Figure 4.6: Cumulative probability distribution o f horizontal position differences
between georeferenced photos and 2005 orthophotos.
To assess the effect on measurements that positional differences may have, a re-sampling
of the channel can be made on the pre-rectified photos and compared to those made post
rectification. The photo-mosaics represent a clipping of the ESM/DVP orthophotos, so
that when scaled to the same pixel size as the rectified imagery, they should both have the
ability to yield the same measurements. Then, to determine the effect o f photo rotation
and re-sizing as a consequence o f the georeferencing process, 29 locations were sampled
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from each epoch on the pre-rectified mosaics and rectified mosaics. Boundaries that had
been identified and digitized in the referenced photos were replicated in the nonreferenced mosaics, attempting to digitize with the same precision by viewing the
previous measurements for reference. Widths were calculated for each location and
compared to the corresponding locations in the rectified sets (details on the method for
obtaining width described in a subsequent section). The results show that the data from
the referenced sets predict the values from the non-referenced orthos well (R2=0.9624)
(Figure 4.7). A standard error o f 1.4m is likely due to slight errors in replication and
placement of the digitized boundary. In general, the georeferencing procedure had no
systematic effect on the reliability of channel width measurements.

Figure 4.7: Linear regression comparing georeferenced to non-georeferenced
measurements.
As width measurements could be replicated between the pre and post-rectified mosaics,
there appears to be little effect of photo error upon data collection. An investigation into
the precision by which measurements can then be made under ideal conditions where
boundaries are clear and well defined is required.
Measurements o f static objects that are visible in both an early epoch and 2005
can be made using the measurement tool in ArcGIS that gives a distance based on the
UTM coordinates o f each end of the line measurement. This assessment used rooftop
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edge lengths from buildings consistent throughout the photo record, where the pixel
resolution defined the absolute accuracy within which measurements could be made
(Table 4.1). One rooftop was selected for each valley segment per year, with two being
selected for H9 due to its greater length (Tables 4.2 and 4.3). Where possible (the same
rooftop was selected in every epoch. When differences in photo obstruction and the
extent o f each mosaic prevented this, rooftops in close proximity were selected instead.
Table 4.1: Aerial photo collection.
Year

P ixel w id th
1954
1965
1978
2002
2005

0 .2 5 m
0 .2 5 m
0 .2 5 m
0 .2 0 m
0 .2 0 m

The georectified 2005 orthophotos were used as the base-set for comparison. As
previously mentioned these photos had already been both orthorectified and therefore are
only limited in precision to their pixel resolution of 20cm, and are a good choice for a
base reference. First, rooftop edges were measured and repeated for 2005 before moving
on to evaluate the differences with earlier photos. The maximum difference between
samples was 40cm, indicating that measurements can be replicated quite accurately on
the base-set o f photos. These were then compared to earlier epochs, to test how well they
match up. Some buildings in the 2005 comparison (Table 4.2) were not available in
earlier epochs so a different building was chosen based on availability. This mean
difference o f up to 40cm can be due to the placement o f the ends of each measurement
along the edge of the roof. If one extra pixel is chosen at either end, then 40cm is
accounted for.
Comparison between 2005 and earlier epochs shows a decrease in the ability to
precisely repeat roof lengths with the exception of 2002 that shows a similar pattern to
the 2005 resample with a maximum difference o f 40cm. But this maximum occurred
more frequently in the 2002-2005 comparison. This better agreement with 2002 can be
expected due to 2002 also being previously orthorectified. Table 4.3 shows that the
differences in roof measurements change for each photoset and valley segment. Overall,
the largest difference was 2m in 1954, but as close as 20cm difference at this time from
2005. The 1965 and 1978 sets show that there are differences in excess of lm, and all of
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these are due to photo clarity o f the boundaries not being as defined as in the most recent
two epochs. Furthermore, the black and white photosets were more difficult to use when
identifying the boundaries than the colour sets. The mean differences for each year were
all below lm , indicating that scale error is less o f an issue than the displacement of
mosaics, where displacement occurred with a maximum of 30m. Therefore,
measurements can still be made using photos within at least 2m of precision, often less
than lm . This process could be further expanded to include more rooftops and multiple
measurements to enhance precision.
Table 4.2: R esam pling o f 2005 roof edges.
V a lle y S e g m e n t

L e n g th (m )
2005 - 1

H ll
H10
H9
H9
H8
H4a
H3
H2c
H2b
H2a
H2

A b s . D iff. (m)
20 0 5 - 2

27.2
16.2
16
13.2
24.2
10.2
33.6
23.2
17.6
25.6
30.6

27.2
15.8
15.8
13.4
23.8
10
33.4
23
17.2
25.2
30.8
M ean

0.0
0.4
0.2
0.2
0.4
0.2
0.2
0.2
0.4
0.4
0.2
0.3
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Table: 4.3 Precision assessment o f rooftop-edge length measurements. (The symbols
in the right column indicate that the same edge was measured).

___________

V a lle y S e g m e n t

H10
H9
H9
H3
H2c
H2b

L e n g th (m )

A b s. D iff. (m )

1954

2005

14.75
22
12
9.5
25.25
23.25

14.6
20
12
10
26.8
23.6
M ea n

H ll
H10
H9
H9
H8
H4a
H3
H2c
H2b
H2a
H2

1965

2005

26.75
21.75
17.5
13.75
9.5
18
15
23.75
17.75
25.6
30.25

27.8
20.8
17.2
12.8
9
17.6
14.6
23
16.8
25.4
30.8
M ea n

H ll
H10
H9
H9
H8
H4a
H3
H2c
H2b
H2a
H2

1978

20 0 5

27.5
13.75
39.75
13.75
25.25
8.75
34
23
12.25
25.75
30.5

27.8
13.8
39
12.8
24.6
10.2
32.8
23
16.8
25.4
30.8
M ea n

H ll
H10
H9
H9
H8
H4a
H3
H2c
H2b
H2a
H2

20 0 2

20 0 5

27.2
16.6
15.8
13
24.6
10.6
33.2
23.6
18
25.4
30.8

27.2
16.2
16
13.2
24.2
10.2
33.6
23.2
17.6
25.6
30.6

.

E rro r %

0.2
2.0
0.0
0.5
1.6
0.4
0.8

1.0
10.0
0.0
5.0
5.8
1.5

1.1
0.9
0.3
0.9
0.5
0.4
0.4
0.8
0.9
0.2
0.6
0.6

3.8
4.6
1.7
7.4
5.6
2.3
2.7
3.3
5.7
0.8
1.8

0.3
0.1
0.8
0.9
0.6
1.5
1.2
0.0
0.4
0.4
0.3
0.6

1.1
0.4
1.9
7.4
2.6
14.2
X 3.7
0.0
2.7
1.4
1.0

M ea n

0.0
0.4
0.2
0.2
0.4
0.4
0.4
0.4
0.4
0.2
0.2
0.3

T o ta l M e a n

0 .7

\

0.0
2.5
1.3
1.5
1.7
3.9
1.2
1.7
2.3
0.8
0.7
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4.6 Operator consistency and accuracy
It is apparent that under ideal conditions, easily identifiable boundaries can be precisely
measured and repeated. When boundaries require the operator to interpret the placement
o f a boundary based on a set of pre-determined rules, error can result from this
interpretation. Even in the ideal case, a comparison between the same photoset showed
up to 40cm of difference between measurements. Repeating measurements on separate
occasions can test the reliability of the operator to define and identify a boundary.
Gumell et al. (1994) estimated an error of ±2m for channel boundaries obtained for
banklines measured from air photos, based on re-sampling 50 times, giving a precision
(or detection limit) o f 5m for channel migration. Rather than comparing separate channel
boundaries, the method used here depends on calculation o f the polygon area (width). In
this study, digitization o f bankfull area and centreline was completed two more times for
valley segment H3, once by Peter Ashmore and once by the author, in order to determine
the subjectivity in identifying the placement o f the banklines, and also the precision of a
single operator. Valley segment H3 has both natural and armoured sub-segments as well
as reach with a major a bridge construction in 1965, making it a good choice for testing
the reliability of sampling and channel definition. The maximum difference in mean
width between operators was 9m (37%), while maximum difference between widths for
the single operator was 4.5m (34%) (Figure 4.8). The lengths differed by as much as
16m (5%) between operators, and by 12m (3%) for a single operator (Figuré 4.9). When
interpreting the results, this was dealt with by focusing on changes in excess of these
values (20m length, 5m width). Anything less was considered to be of little or no
change. In the future, sampling would be repeated for each section of measurement
within a shorter time frame to hopefully account for any operator shift in the placement
o f lines.
The width difference for the single operator appears systematic in some epochs
and sub-segment locations. It is likely that the boundary interpretation for the less easily
definable sections, through trees, or in earlier epochs created this discrepancy and
therefore not reflective o f measurement error, rather changing interpretation of
boundaries over 7 months. The data used in the width and length results was all from
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March 2008, and therefore, error values are likely in excess o f actual error measurement
that can be seen from the precision values.
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Figure 4.9: Operator length comparison fo r valley segment H3.

Section 4.7 Compound effects from sources of error
The error analysis resulted in errors being detected from different sources. To assess the
effect o f photo transformation on the position and scale o f each mosaic, two further steps
were undertaken. First, an understanding o f where and how the photos were positioned
was obtained by collecting UTM coordinates for a set o f points along the channel. These
were then subtracted from their corresponding location in the 2005 photos, yielding an
absolute difference. The collective differences for the X and Y directions were plotted
for each epoch, and the maximum difference was 30m out o f position in 1978, for one
point in one direction. This indicates that the photos shifted from their actual positions,
and perhaps resulted in photo warp, rotation and/or translation. It is such distortions that
would be o f concern while making measurements, as they would affect how the channel
is displayed, perhaps even warping boundaries. Therefore, a second step was completed
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to determine the precision by which measurements can be made and replicated, using
easily definable and visible boundaries. The pixel resolution defines that measurements
cannot be made more precise than 25cm for 1954-1978, and no more than 20cm precision
for 2002 and 2005. The results o f this show that measurements can be replicated for the
2005 photos, and when made for earlier photos, they could obtain a difference of 20cm
from 2005, but up to as high as 1,6m. The agreement between the 2005 roof-edge
measurements and the earlier epochs suggests that the displacement analysis do not affect
the ability to take measurements to the degree that their values up to 30m indicate. As
long as measurements are carefully taken to allow for temporal and spatial comparison in
the right locations, the main source of error is that o f the operator. The data presented in
the results was from one set for each epoch, collected once, and not based on a series of
datasets for each year. Modest error values based on the single operator errors were used,
and these were rounded to accommodate the pixel resolution.

4.8 Digitizing channel geometry in ArcGIS
Measurement o f channel width and sinuosity from aerial photographs requires a
consistent method for identifying the channel boundary (bank lines) on the photographs.
Even on the ground definition o f the channel boundary (e.g. the ‘bankfulf margins) can
be problematic and imprecise due to the many proposed field indicators for the bankfull
stage (Copeland et al., 2000). On aerial photos it also requires some skill in interpreting
features. In some locations sharp boundaries are clearly seen because of engineering bank
protection or clearly-defined cutbanks. But not every stretch o f channel provided a
distinct and clear channel boundary. For example, point bars are characterized by gradual
and relatively smooth changes in topography making a “bank” less obvious. In these
situations, following Gurnell (1997), vegetation was used to help identify the bankfull
channel. It is assumed that high flows limit growth to small shrubs and grasses, with
larger shrubs and trees established outside the bankfull channel. Distinct bank tops were
also absent along some steep valley sides where the channel was in direct contact with
the valley wall. In these cases a bank line was interpolated line between visible banks
upstream and downstream o f these bluffs and along the toe o f the slope. In 1954 bank
vegetation was quite thick and obstructive, preventing the accurate identification of
bankline, or even centreline, positions in some segments. These reaches were not
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digitized. In reaches where the channel was visible, but banklines obscured by vegetation,
treetops were seen as a valid boundary that could be traced because they allow for some
quantification of a narrow channel. For the later epochs vegetation was less continuous so
that clear banks could be digitized allowing interpolation across intermittent tree cover
Channel banklines were digitized as polygons for each sub-segment from which
an area could be calculated. The polygon centreline was then digitized to calculate a
channel length (Figure 4.10). The centre polyline was digitized visually as if connecting a
series of mid-channel points within the bankfull polygon. Mean channel width for the
sub-segment was calculated as polygon area / centreline length. Also, in some sections,
bank visibility was intermittent between an overhanging tree branches, and depending on
the extent of the obstruction, digitization was interpolated between visible banks, or not
collected if the obstruction was too continuous. Digitized polygons terminate at the
upstream and downstream limits of each sub-segment. In some cases the sub-segment
breaklines were oblique to the channel cross-section, and, for consistency in definition
and measurement the polygon breaks were drawn at the point at which the breakline
crossed the right bank (Figure 4.10). Then the centreline was limited by the same subsegment boundaries, and met the area polygon at the centre point of each end of the subsegment.

Figure 4.10: Example o f digitized banklines (area polygon) and centrelines for
bankfull channel. The right bank was used to limit the digitizing fo r each sub-segment.
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4.9 Digitizing active channel belt in ArcGIS
To further understand planform adjustments, a meander belt width (MBW) was
calculated as an alternative to measuring the geometry o f individual meanders in the
irregular meander pattern. Meander wavelength was not measured because sub-segments
are too short to properly define the wavelength o f large, irregular meanders. But visually,
clear identification o f channel pattern changes could be made. This method focused on
sub-segments identified as “natural” and lacking bank protection (Figure 3.26) because it
is only in such reaches that the channel has the capacity to adjust. In a similar approach to
measuring channel form, area and length polygons and polylines were defined from
which MBW could be calculated. The digitizing was done by connecting the apexes of
meander bends separated by floodplain, or by drawing a straight line along straight
sections o f the channel from the last apex to the subsequent downstream apex. Since the
natural sections were confined to the valley, the stream often came into contact with the
valley wall without any floodplain separation. In these cases the MBW polygon followed
the toe o f the slope, and the MTBM contours were used to help identify these sections.
Length polylines were created along the centre o f the meander belt area polygon, for the
purpose o f calculating a mean MBW (= area/length) (Figure 4.11). Unlike the bankfull
measurements, the left bank was chosen to limit the upstream and downstream
boundaries o f the digitized vector files, but this is not necessary, the right bank could
have also been easily used.

V

Figure 4.11: Digitized active channel belt within a natural sub-segment.
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4.10 Data calculations
4.10.1 Areas and lengths

■y

The Field Calculator in ArcGIS was used to compute area (m ) and length (m) values for
all polygons and polylines measured for the bankfull channel and the active channel belt
(or meander belt). These values were recorded to the nearest metre using three
significant figures. The calculated bankfull centreline lengths were used to observe
channel length change and then infer planform adjustment.

4.10.2 Width
The length and area values from ArcGIS bankfull and MBW vectors were transferred
into a spreadsheet where mean widths were calculated for each sub-segment, as well as
totals (width = area/length). The mean widths were calculated for both the bankfull
channel and the active channel belt for each sub segment.

4.10.3 Sinuosity
Sinuosity is a dimensionless parameter used to describe the planform by dividing the total
channel length within a reach by the straight-line length between the upstream and
downstream ends o f the reach (m/m). A value o f 1 describes a straight channel, and as
the value increases channel length increases, indicating a greater degree o f meandering. It
was calculated per valley segment, sub-segment and for the total study ensemble.
Straight-line lengths for each valley segment were measured using the ruler tool in
ArcGIS from the upstream end of the bankfull centreline to the downstream end, and
bridge widths were also measured to account for the channel length under roads for the
total sinuosity. These straight-line values were entered into a spreadsheet, and the bridge
widths were added to the total lengths for each valley segment.

4.11 Data collected: amount, location, and time
Figure 4.12 illustrates the first epoch of data collection by sub-segment, and also which
sub-segments were used in the corresponding MBW analysis. For the bankfull channel, a
total o f 568 vectors were digitized over the entire photo record (284 centrelines and 284
areas), resulting in 284 instances of width, length and sinuosity being calculated. For the
MBW analysis, 78 vectors were digitized: 39 area, and 39 centrelines. The blue and
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orange outlines in figure 4.12 indicate that data was initially collected in 1965 and 1978
respectively. This delayed collection resulted from the channel being difficult to identify
during earlier epochs at these locations, but the majority of the channel was digitized
from the 1954 photos (black outlines). The MBW analysis was limited to only those subsegments with banks consisting of natural and erodible materials. This resulted in only 8
sites for data collection: three on the lower main branch, four on the east branch, and only
one on the main branch (light-orange filled polygons in figure 4.12). The sub-segments in
H4a and H10 were subject to temporal limitation due to channel obstruction in early
years.

\

First epoch of data collection

□ 1954

n i9 6 5

1978

MBW Locations
— Valley segment break
1000m
Figure 4.12: First epoch o f data collection by sub-segment, and M BW sub-segments.
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4.12 Methods summary
Here a method has been developed to observe historical channel change using digital air
photos. The adaptive strategy o f using an irregular grid along the channel for spatial and
temporal comparison can work well; although some changes would be adopted in future
studies (e.g. use road crossings as sub-segment breaks earlier in the method). Error was
determined from a few different sources and despite some large positional errors of photo
mosaics post-referencing (e.g. 30m difference), it was found that measurements could be
repeated between pre and post referenced sets reliably. They were replicated perfectly
for the 2005 photos, and when made for earlier photos, and could obtain a difference of
20cm from 2005, but up to as high as 1.6m (~8 pixels). Therefore, reliable measurements
could be made, as long as careful scrutiny was applied while digitizing to adapt
shapefiles to account for horizontal shift with regards to the grid. Most error in
measuring channel morphology is more likely to occur from placement o f banklines by a
single operator than photo warp or horizontal shift. Modest error values based on the
single operator errors were used, and these were rounded to accommodate the pixel
resolution. The error demonstrated by a single operator from calculated data in Excel
was 5m for widths and 12m for length, and these values must be exceeded in order for a
change to be considered actual channel adjustment. Since sinuosity is dimensionless, it
should only be considered in cases where length change exceeds the error value. The data
presented in the results was from one set for each epoch, collected once, arid not based on
a series o f datasets for each year.
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Chapter 5: Observed response of Highland Creek to
urbanization
Conceptual, empirical and theoretical models all indicate that there should be an expected
change in morphology with changes in the controlling conditions. According to the
nature o f predictions and previous studies, the pronounced hydrological response of
Highland Creek to urbanization should create a wider and shorter channel. But sinuosity
increases can also be a possible outcome (Kellerhals and Church, 1989). Historical
measurements o f channel morphology can determine whether Highland Creek has
responded accordingly or not. This chapter reports the results of channel width, sinuosity
(channel length) changes as measured using historical aerial photographs. Presentation
begins with overall net changes in morphology for the river network as a whole, and then
considers the temporal and spatial distribution o f changes at reach, segment and subsegment scales. The role o f channel engineering in modifying the channel and
constraining ‘natural’ channel response is then considered.

5.1 Length and width changes at the network scale
Measurements o f mean channel width and total channel length indicate that overall the
channel of Highland Creek has become wider and the total channel length has been
reduced since 1954. Table 5.1 shows overall net increase in mean channel width (total
polygon area/total polygon length) o f 8m (from 14m to 22m = +57%) and total net
\

reduction in channel length o f over 2km (-14%) between 1954 and 2005. Much of the
change in both width and length occurred between 1954 and 1978, with some narrowing
and lengthening (increased sinuosity) occurring subsequently. These width and length
changes exclude some valley segments (especially upstream reaches) in which the
channel was not clearly visible in the aerial photographs. Many of these could be
measured on the 1965 photography (Table 5.2). For the period 1965-2005, using these
additional segments, mean width change is 6m (rather than 8m) but total length reduction
is less than between 1954 and 2005, despite the inclusion o f greater total channel length
for the period 1965-2005. Therefore, channel shortening in particular seems to have
occurred early in the adjustment history.

102

Table 5.1: Total length, mean channel width and sinuosity using complete valley
segment values, (excluding H2, H2a, H4a, H10, and the three confluences) between
1954 and 2005.
W idth (m)
Length (m)
Sinuosity

1954

1965

1978

2002

2005

14
16515
1.70

16
15509
1.53

23
13925
1.40

21
14160
1.41

22
14073
1.40

2005-1954

8
-2442
-0.29

Table 5.2: Total length, mean channel width, and sinuosity between 1965 and 2001
(excluding H4a because o f channel obstruction in 1978, and the three main
confluences).
W idth (m)
Length (m)
Sinuosity

1965

1978

2002

2005

14
20727
1.61

21
18849
1.45

20
19018
1.47

21
18932
1.46

2005-1965

6
-1794
-0.15

Although some valley segments were excluded in the 1954-2005 analysis, partial subsegment visibility shows some shortening and planform straightening, which would
further add to the total reduction when using 1954 as the initial state (Figure 5.1).
If every sub-segment including those located at the confluences is observed for net
change from the first epoch o f measurement (either: 1954, 1965 or 1978), rather than
separating initial years and excluding valley segments, the total net length change up to
2005, relative to the first epoch o f collection at each sub-segment, is -3613m. Total
shortening was -3842m, and lengthening was 229m.

Figure 5.1: H4a 1965partial centreline and 1978fu lly digitized centreline showing
channel length reduction that could not be compared due to channel obstruction in
1965.
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This overall summary o f channel change provides the context for more detailed
analysis o f the patterns o f change within the network to see whether this overall
adjustment is similar throughout, or if widening/narrowing and shortening/lengthening is
focused in particular locations and related to particular processes or events. An initial
simple analysis related to this issue can be done at the segment and sub-segment levels by
looking at the number o f sub-segments in all epochs that show some widening/
narrowing, or channel lengthening/shortening during each epoch (Figures 5.2-5.5). These
graphs show the total number o f instances o f the given change within a valley segment at
the sub-segment level, for all epochs. The frequencies indicate the number of times that
change occurred over the total study period for each valley segment. For example, H8
shortened twice by lengths greater than 200m, either in two different sub-segments, or
within the same one in different years.

>20m

>50m

>100m

>200m

Length threshold

Figure 5.2: Length decreases above a given threshold per valley segment
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>50m

>100m

Length threshold

Figure 5.3: Length increases above a given threshold per valley segment.
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Figure 5.4: Mean width increases above a given threshold per valley segment.
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■ H3
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II
II

■ H10
■ H 11

>10m

>5m

Width threshold

Figure 5.5: Mean width decreases above a given threshold per valley segment.

There are many more instances of segment shortening (n=51) and widening (n=42) than
lengthening (n=13) and narrowing (n=l 1). This indicates that overall widening and
shortening is widespread along the river network - almost all segments show measurable
change in that direction. Every valley segment shows at least some shortening, and with
the exception of H2 they also all underwent some widening. It is possible that H2
widened between 1954 and 1965 but this could not be measured because the channel is
\
obscured. However, the amount of widening and shortening varies between segments,
and could partially be the result of different sub-segment quantities. But the larger
changes are focussed in a few valley segments (3, 4, 8, 9, 10, 11). Occurrences of
lengthening (segments 8 and 9) and narrowing (segments 9,10,11) are even more limited
in their spatial distribution, and are also within some of the same sections as widening
and shortening, i.e. these segments have morphological changes that vary in direction
over time. Figures 5.6 and 5.7 show photographic examples of how the character of
change varied between locations, and there is a clear difference between the adjustment
along H8 (East Branch), and H2a (West Branch).
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2005

Figure 5.6: Channel adjustment in valley segment H8 as seen from the air photos.
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Figure 5.7: Channel adjustment in valley segment H2a as seen from the air photos.
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Note: Sections 5.2, 5.3 and Appendix A, use a series o f diagrams to present the spatial
distribution o f length and width adjustment along the river or along individual branches
with the graphical information o f the river change data overlaid on a photo-map o f the
area. These diagrams contain polygons representative o f sub-segments along the
channel, and the colour o f each polygon represents the proportional change in river
channel width or channel segment length. The size o f each polygon does not signify any
value fo r length or width o f the river channel but is the extent along and across the valley
o f the sub-segment as defined in section 4.2. These percent changes are
presented either as differences between epochs (Equation 5.1), or as change as a
proportion o f the width or length in an earlier epoch (Equation 5.2). Channel centrelines
are drawn in the length change maps fo r each epoch fo r comparison, and the
branch diagrams contain histograms showing actual values o f length and width over time
(columns fo r years that are not being compared are displayed with a lower opacity).

Difference (%) = [(M2-M/)/M/]* 100

Eq. 5.1

Proportional Change (%) = (M?/M/)* 100

Eq. 5.2

Where: M is the measured width or length.

5.2 Spatial and temporal patterns of changes in channel length
(sinuosity)
The frequency graphs discussed above do not show when changes occurred, and the use
o f absolute numbers for change thresholds creates misleading spatial patterns of change.
For example, it is expected that actual width changes will be smaller in the upstream
segments because the river is narrower. The same may be true for length where the bigger
\

downstream channel might have larger wavelength and amplitude of meander bends,
therefore potentially showing more length change. By using a proportional change (%) a
better assessment of patterns of response over time can be made. The following sections
describe and discuss these proportional width and length changes. Percent change is
defined as the difference in the value of a given variable (e.g. segment mean channel
width) between time periods as a proportion o f the value in the earlier time period. For
example, a change in channel width between epochs of 100% would mean a doubling of
channel width, while zero % change would mean there was no net change in width over
the time period.
The overall statistics and frequency of change data can be elaborated and
visualised by mapping the spatial and temporal patterns of channel change based on the
sub-segment measurements of change. Figure 5.8 shows the sub-segment net length
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change for the entire analysis period as a proportion o f the earliest epoch (1954, 1965, or
1978 depending on the valley segment) of measurement. As expected from the total
adjustment and the frequency and distribution o f length changes, the sub-segment
proportional length adjustment is dominated by net decrease. Net lengthening is present
in a few sub-segments around the main confluence. When looking at sub-segments with a
net loss greater than 20m (n=40) the total amount o f shortening is 3714m by a
combination of artificial and natural straightening, channel relocation and cut-offs. Subsegments with no measurable change or lengthening (n=14) account for 229m of
increased channel length, which is only 6% o f the total length decrease. Most of this
‘lost’ channel length occurs at sites with large changes in the configuration of the channel
centreline (Figure 5.8), particularly where straightening or bend cut-offs occurred. Some
o f these changes occur within a single sub-segment (e.g. large 450m cut-off in H9), and
others span multiple sub-segments (e.g. channel relocation in HI 1 totalling 331m
decrease in channel length).
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Figure 5.8: Proportional comparison o f 2005 lengths to the earliest measurement (1954,1965, or 1978).
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This overall map (Figure 5.8) does not highlight all o f the larger shortening events seen in
Figure 5.1 due to the bin ranges for % change on the map, nor does it indicate the
sequence o f events. Figures 5.9 -5.10 and 5.12-5.14 show an epoch-by-epoch
breakdown and frequency distributions of length changes, all other epoch maps are
included in Appendix A (red arrows are used to assist in locating changes discussed
here). When focusing on single or combined sub-segment shortening events larger than
100m, it is evident that these were not limited to only one branch or time period, although
most o f the major length reductions occurred prior to 1978 and mostly within a few subsegments. The Main Branch had four o f these large length reductions. Two happened
between 1954 and 1965, at separate locations: downstream of Kingston Rd (-100m)
(Figure 5.9a) and in the two upper sub-segments o f HI 1 (-331m) (Figure 5.9b and c).
Then between 1965 and 1978, two more large reductions occurred, including the single
largest reduction (-450m) resulting from a cut-off (Figure 5.10b), as well as straightening
o f a few bends downstream o f the east-west branch confluence, which shortened the
channel by 162m (Figure 5.10a). Only one reduction greater than 100m was recorded
after 1978, at the main confluence (H9). It is likely that this change occurred soon after
1978 as the channelization is evident in the 1978 photos, causing a reduction of 170m
(Figure 5.11).
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Figure 5.9: Main Branch lengths (histograms) and differences (polygons), 1954-1965. Notations a, b, and c, are discussed in
the text Histogram columns are bold fo r years in comparison, other years are opaque fo r reference.
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Figure 5.10: Main Branch lengths (histograms) and differences (polygons), 1965-1978. Notations a, and b, are discussed in
the text Histogram columns are bold fo r years in comparison, other years are opaque fo r reference.
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Figure 5.11: Channel relocation at the Main Confluence, H9 (1978 image).
The East branch experienced two large length reductions both in excess of 200m. One
occurred immediately downstream of Ellesmere Rd (211m) (Figure 5.12a), and the other
was closer to the main confluence (202m) (Figure 5 .12b). Both events happened between
1965 and 1978 and are the second and third largest sub-segment length losses overall.
The West Branch had the fewest occurrences of sub-segment shortening (Figure
5.2), but between 1954 and 1965, two major changes occurred as sets of combined subsegment shortenings. One reduction totalling 184m was the result of general
straightening/channelization through a few bends in the downstream sub-segment of H2a
and the sub-segment where it joined H2b at the confluence (Figure 5.13a and b). The
other event was the result of channelization for the construction of the Fawrence Ave
Bridge across H3 (-278m) (Figure 5.13c and d). Two more large shortenings occurred
between 1965 and 1978: one affecting two sub-segments in the Scarborough Golf Club
(H2c: -253m) (Figure 5.14a and b), and the other at the main confluence (H3: -265m)
(Figure 5 .14c). The necessity to combine some of the sub-segments to identify single
events is indicative of the problem of using sub-segments for analyzing channel length
change. The length histograms in each map (Figs 5.9-5.14 + Appendix A) indicate a
general temporal pattern of shortening prior to 1978, with changes after 1978 dominated
by a few instances of local channel lengthening and sinuosity. The details of these length
changes and the possible explanations are discussed later in this chapter. Although there
is spatial discontinuity in the length adjustment, the overall length adjustment shows
some temporal patterns. Initially, there is a combination of shortening and slight
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lengthening between 1954 and 1965, then the period when the most shortening occurs
(1965-1978), and finally a pattern dominated by no-change/minor lengthening by 2002
(Figures 5.15-5.17).
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Figure 5.12: East Branch lengths (histograms) and differences (polygons), 1965-1978. Notations a, and b, are discussed in
the text. Histogram columns are bold fo r years in comparison, other years are opaque fo r reference.
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5.3 Overall width adjustment by sub-segment
Unlike the net length results that show shortening affecting many of the valley segments
and sub-segments, channel width changes show distinct segmentation of widening along
the network (Figure 5.18). The largest amount of widening occurred along the East
Branch (H8), and Lower Main Branch (H 10, HI 1), with relatively little width change on
many o f the other sections o f the channel network though doubling o f channel widths was
not unusual along some other sub-segments (Figure 5.18). Where the most overall
widening occurred, the channel in 2005 showed widening by 600% of its original (1954
or 1965) width. Two sub-segments along lower H8 widened by 5.9 and 6.2 times (593%
and 617%) and the upstream sub-segment of HI 1 widened 5.7 times (573%) from 1954
to 2005. Widening was often associated with large single changes accounting for a major
component o f the net result, but progressive widening across multiple epochs also
occurred. For those reaches showing relatively little to no net change, widening was not
necessarily absent throughout the study, rather it was accompanied by previous or
subsequent narrowing. The branch/sub-segment epoch maps show where and when the
largest adjustments occurred for channel width (Figures 5.18-5.21). Overall, the most
widening occurred between 1965 and 1978, both in spatial extent and magnitude, this is
possibly a combined effect o f increased discharges from urban development and also the
major flood events o f 1976 and 1977.
Along the main branch, widening was focused in H 10, H 11 and at the Main
Confluence (Figure 5.19). The widening that occurred in these valley segments between
1965 and 1978 was the most they experienced for the entire study, including the largest
event overall in HI 1 (+28m), an increase by 189% of the 1965 width. Every subsegment in H10 became at least twice as wide. H9 widened relatively little, with only one
sub-segment showing 56% widening, and three sub-segments narrowing. In comparison
to the first epoch o f measurement, 1978 widths in HI 1 were over four times wider than
the original measurement (Figure 5.20). With the exception o f the upstream sub-segment
of HI 1, this time period represented the peak width values for the Main Branch, with
subsequent narrowing or stability. The period of greatest widening (1965-1978) was
followed by a time o f common narrowing (1978-2002), probably reflecting post-flood
channel adjustment and/or channel engineering (see below).
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The East Branch showed similar patterns to the main branch for width increases,
with the downstream sections o f H8 having width changes of similar magnitudes to H10
and HI 1 (Figure 5.21). Here the widening is as much as 142% (or 2.4 times) the 1965
width at the downstream-most sub-segment. However, unlike the Main Branch, widths
continued to increase after 1978 in some sub-segments (Figure 5.22). The West Branch
did not widen as much as the East or Main branches during this time (1954-1978), nor
overall (Figures 5.23-24). It even experienced narrowing along a few sub-segments
(Figure 5.24). Most widening occurred between 1954 and 1965 (Figure 5.23). Only three
sub-segments widened by more than 50% in: H3 (7m, 58%), H2b (5m, 74%) and H2a
(5m, 79%). It is possible that H2 widened, but the data are unavailable for this time
period.
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Figure 5.18: Proportional comparison o f 2005 widths to the earliest measurement (1954, 1965, or 1978).
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As the maps and the frequency graphs show (Figures 5.2 and 5.4), lengthening and
narrowing (rather than shortening and widening) also occurred during some epochs and
in a number of locations. The magnitude o f lengthening and narrowing was not as large,
nor as frequent, as that of shortening or widening, nor as widely distributed. Lengthening
occurred throughout the time period (1954 to 2005), and the two largest lengthening
events occurred on valley segment (H8) at two different locations and times. Both of
these length increases were in excess o f 100m: from 1954-1965 at the downstream subsegment (+104m), and from 1965-1978 in the next sub-segment upstream (+135m). The
latter sub-segment showed net overall lengthening by 2005. Both reflect increasing
amplitude of individual meander bends. Meander development and enlargement also
caused 60m of lengthening o f H9 between 1954 and 1965 but this was removed by the
large cut-off in this reach after 1965. In general, the magnitude o f length increases was
small with a maximum o f 21% increase between epochs.
Channel narrowing was more temporally limited than lengthening. Narrowing
events in excess o f 5m only occurred between 1954 and 1965, and between 1978 and
2002. For the latter period, some of this narrowing can be seen to occur on sub-segments
that widened in the previous epoch, including the large narrowing events in HI 1, H9
(near confluence), H8 at the downstream end, and H3 mid-segment (Figure 5.27).
Overall, the temporal pattern shows an initial increase of widening by 1965, rapidly
widening in the 1970s along some stretches, then slight narrowing/slowing of the
widening response by 2002 (Figures 5.25-27). However, the pattern is not spatially
continuous. These spatial and temporal patterns suggest different forcing mechanisms
along the channel in addition to increased flows, and normal channel development such
as the growth and cut-off of meander bends. An assessment of channel engineering and
bank protection can create a better understanding of these observed patterns of change.
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5.4. Mode of change - natural vs. engineered
The above results show that overall the channel of Highland Creek widened and
shortened between 1954 and 2005, with much o f this change occurring between 1965 and
1978. However, these morphologies were not necessarily lasting, nor did adjustments
occur synchronously throughout the study area. Some sub-segments show relatively little
change over time, while others experienced adjustment of an almost cyclical nature,
returning to a comparable size and/or position o f the earlier channel. For example, HI 1
showed considerable widening between 1965 and 1978, and narrowing again by 2002.
Other sub-segments progressed in one direction over time, or had one lasting change
event o f relatively large magnitude (e.g. 450m cut-off in H9). Many of these differences
in channel response can be partially explained by channel engineering, such as the
channel straightening already mentioned at the site of road crossing construction (e.g.
Lawrence Ave E across H3). Road crossings were not the only locations for channel
engineering, as the channel materials map (Figure 3.26) shows, and as shown by changes
in channel morphology in reaches far away from bridges.
The effect o f engineering can be separated into two types: morphological change,
and channel stabilization. Here, morphological change means that engineering created a
new channel form to replace the natural morphology (e.g. channelization, including
straightening). Channel stabilization occurs to keep the existing channel within its
location, primarily using bank protection to limit and prevent bank erosion and/or
channel migration. With respect to morphological change, tables 5.3-5.6 document the
larger changes in channel length and width as they occurred between epochs, and identify
the primary mode o f adjustment as being natural or engineered. Evidence of engineering
works and their effects was derived from one or a combination of the following: the
Aquafor Beech Ltd bank materials map (Figure 3.25), channel work documentation
obtained from TRCA, and conclusive evidence from the air photos—for example, channel
works in progress at the time o f photography.
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Table 5.3 Length decreases exceeding 50m, and their proportion o f the previous epoch
length.

___________________________________ _____

V a lle y
Segm ent

S u b -S e g m e n t
ID

Year

Length
d e c re a s e
(m)

%

H2a
H3
H3
H3
H4a

200m
547m
760m
1189m
600m

1954-1965
1954-1965
1954-1965
1954-1965
1954-1965

92
118
160
47
114

15
19

H8
H8
H9
HI 1
H ll

600m
1154m
791m
620m
938m

1954-1965
1954-1965
1954-1965
1954-1965
1954-1965

52
54
100
232
99

H2
H2a
H2c
H2c
H8
H8
H8
H8
H9
H9

200m
200m
940m
1357m
200m
941m
1400m
1815m
1592m
3581m

1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978

62
50
88
66
202
211
58
78
450
162

H4a
H8

600m
941m

1978-2002
1978-2002

91
58

N a tu ra l (N) or
E n g in e e re d
(E)

55
13
16
7
32
18
48
28

E
E
E
N/E
E
N
E
E
E
E

10
10
13

E
E
E

13
29
33
12
15
53
29

E
N/E
N
E
N
E
E

15
13

N/E
N

V
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Table 5.4: Length increases exceeding 20m, and their proportion o f the previous epoch
length.
V a lle y
Segm ent

S u b -s e g m e n t
ID

Year

Len g th
In c re a s e
(m )

%

N a tu ra l (N) or
E n g in e e re d (E)

H8
H9
H9
H9

200m
958m
1592m
3192m

1954-1965
1954-1965

104
20

1954-1965
1954-1965

60
36

18
16
8
10

N
E
N
N

H3
H9
H ll

969m
2853m
938m

1965-1978
1965-1978
1965-1978

23
31
36

14
9
15

N
N
N

H2c
H3
H4a
H8
H8
H ll

200m
1189m
200m
600m
1400m

1978-2002
1978-2002
1978-2002
1978-2002
1978-2002

27
20
38
135
43

938m

1978-2002

31

15
7
8
21
11
11

E
N
N
N
N
N

\
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Table 5.5: Width increases exceeding 50%, and at least 5m.
V a lle y
Segm ent

S u b -S e g m e n t
ID

Year

H2a
H2b
H3
H8
H8
H8
H ll

429m
778m
969m
600m
941m
1621m
938m

H3
H4a
H8
H8
H8
H8
H8
H8
H9
H10
H10
H10
HIO
H10
H ll
H ll

1335m
883m
200m
600m
941m
1154m
1400m
1621m
395m
136m
472m
740m
958m
1174m
620m
938m

H4a
H9

600m
2641m

W id e n in g

W id e n in g

(m)

(% )

1954-1965
1954-1965
1954-1965
1954-1965
1954-1965
1954-1965
1954-1965

5
5
7
7
6
5
7

79
74
58
108
87
80
130

N
N
E
N
N
N
E

1965-1978
1965-1978
1965-1978

6
5
22

1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978
1965-1978

18
16
9
10
8
8
19
15
19
17
18
28
14

55
81
142
134
134
93
94
70
56
160
110
152
169
137
189
113

N
N
N
N
N
E
N
N
N
N
E
E
N
N
N
N

1978-2002
1978-2002

5
11

52
52

N

N a tu ra l (N ) o r
E n g in e e re d
(E)

_ V _ ___ N________
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Table 5.6: Width decreases exceeding 20%, and o f at least 5m.
V a lle y
Segm ent

S u b -S e g m e n t
ID

Year

N a rro w in g

N a rro w in g

(m )

(% )

N atu ral (N) or
E n g in e e re d
(E)

H3
H9

205m
1992m

1954-1965
1954-1965

7
6

34
24

E
E

H3
H3
H8
H9
H9
H10
H10
H ll
H ll

969m
1189m
200m

1978-2002
1978-2002
1978-2002
1978-2002
1978-2002
1978-2002
1978-2002
1978-2002
1978-2002

7
5
5
6
12
6
7
14
14

33
26
13
23
34
18
25
26
34

E
E
E
E
E
N
N
N
N

3192m
3581m
740m
1174m
200m
620m

From this tabulation o f channel changes, channel engineering had a significant influence
on the morphology changes o f Highland Creek; lengthening, shortening, widening and
narrowing. However, focussing on the larger magnitude changes, shortening and
narrowing were dominated by engineering, while lengthening and widening mostly
occurred naturally. Investigation into the mechanics behind some o f the larger events can
help understand the various modes of, and reasons for, the observed channel adjustment.

5.4.1 Engineered channel length and planform change
The typical engineering effect to the channel length and planform was to create straighter,
less sinuous channel segments. There are a several reasons for straightening channels:
channel alignment at bridge crossings, reduction of the number of river crossings o f the
sanitary sewers along the valley (Parish Geomorphic, 2006b), reducing channel migration
to sustain infrastructure including the valley trail system, mitigation of erosion in general
and to stabilize valley walls by redirecting the creek away from the valley side, and
reducing the size and number of bends. Also in wake o f Hurricane Hazel, straightening
was completed to efficiently pass floods throughout the system, and reduce their level
(McLean, 2004). It is not possible to identify the reason in all cases but the effect can be
clearly seen.
O f the eleven shortening events in excess o f 100m, including those at the main
confluence, seven were engineered, and two were partially the result of engineering
within the sub-segment. Most occurred between 1965 and 1978, and were completed
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mainly by artificial cut-offs and channelization, usually coupled with bank hardening.
The greatest overall length reduction was the result of a single cut-off of 450m in 1977
within H9 (Figure 5.28). This was a deliberate reconstruction of the channel (Ryan Ness,
TRCA, pers. comm., August, 2008), but the reason for its completion is unknown. The
multi-use valley trail now crosses the site of the cut-off although this may not be the
primary reason but can be assumed to be at least part of the rationale (Figure 5.28).

Figure 5.28: Large artificial cut-off, H9 (1978 image).
At this time (1965-1978), channelization was also occurring elsewhere along
Highland Creek, including the third largest single length reduction where H3 joins the
main confluence. Here, the channel was straightened and banks stabilized towards the
confluence through two bends, causing 266m of length reduction. This is in addition to
the channelization starting at the Main Confluence for H9 (Figure 5.9), which continued
downstream into the upper sub-segment of H9, for a combined length reduction of 332m
(-170m at the confluence, and -162m in the next sub-segment downstream). The 1978
photos show the construction phase of channelization at the confluence where two
channels can be seen - the existing natural channel and the designed channel. It is evident
that at this stage the realignment was not quite complete, so the actual channel loss was
recorded as occurring between 1978 and 2002 (Figure 5.9). The channelization
downstream had already been completed by 1978. The reason for this channelization
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around the main confluence is not known, but again, possibly for the development of the
multi-use trail.
Between 1954 and 1965, reaches were similarly realigned throughout the study
area, but again, not necessarily accompanied by bank protection. The largest reduction at
this time occurred as the channel was moved away from the valley wall in HI 1 and as a
result shortened the two upstream sub-segments by 231m (Figure 5.29). Another large
reduction was actually the combined shortening of two valley segments on either side of
a bridge in H3. Here, the channel was straightened through the Lawrence Ave E. bridge
crossing, causing the upstream and downstream lengths to shorten by 160m and 118m
respectively for a total loss of 278m (Figure 5.30).

Sub segment 841-1034m

1954 ---------------- 2002 ------- > Channel shortening
1965 ---------------- 2005 ------- > Channel lengthening
1978
------- > Main flow direction
Valley segment break --------------- Sub-segment break
Figure 5.29: Channel relocation in H l l .
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Figure 5.30: Bridge construction in H3 and channel realignment in 1965.
During this period, in 1964, the trunk sanitary sewer was placed in Highland Creek to use
the natural gradient of the valley for the conveyance of sewage to the treatment plant near
the mouth at Lake Ontario (Parish Geomorphic, 2006b). This infrastructure required
erosion mitigation by bed and bank protection. Also, channelization through bend cut
offs was completed in some sections to reduce contact between the sanitary sewer and
river. The channel in valley segment H4a had its channel length reduced by 114m in the
middle sub-segment for this purpose (Parish Geomorphic, 2006b). The straightening
trend continued into the downstream segment, but could not be quantified in 1965 due to
the channel on the aerial photographs being partially obscured by vegetation (Figure 5.1).
But for this sub-segment, the visible channel shows obvious planform straightening and
length reduction.
Although the main effects of engineering on channel length were shortening and
straightening, lengthening and planform stabilization have also been observed. Only two
instances of channel lengthening occurred due to engineering, both of which developed
from bridge expansion at existing road crossings for Scarborough Golf Club Rd (H2c)
and Kingston Rd (H9). These increases were of 27m and 20m respectively, and these
were permanent changes because the banks were also stabilized.
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Planform stabilization, in absence o f any lengthening and shortening, was another
effect o f engineering, by implementing some form of bank protection. In some reaches no
morphological change was apparent over multiple epochs, while adjacent reaches showed
substantial changes, arousing suspicion that channel stabilization may have constrained
the channel response in these segments. An example can be seen along H9, where some
sub-segments lengthened and shortened over time, while another remained stable (Figure
5.31). The reach in Figure 5.31b appears to be rip-rapped as early as 1965; prior to this it
was dammed to form a small reservoir. However, static plan form and segment length are
not a definite indicator of a stabilized channel - channel changes could still result in net
zero change in segment length (Figure 5.32b). For example, in H8 between 1965 and
1978 straightening through a series of small meanders at the downstream end of the subsegment was offset by the development o f larger bends upstream. This appeared as
essentially zero net length change for one sub-segment. But, inspection o f the planform
indicated that it was not the result o f engineering, and was found to be a natural response.
This example seems to be the only one that displays zero net change due to opposing
trends within the same sub-segment.
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Unlike H8, the large channel
length reductions are most
definitely deliberate and not
related to flood effects.
After 1978, the channel remains
relatively stable in much of H9. Or
even throughout the entire record
as seen in c).

c) sub-segment 1792-2192m
1954
1965
1978

2002

-

> Channel shortening

» Channel lengthening
2005 -> Main flow direction
— Sub-segment break

Figure 5.31: Selected planform changes from valley segment H9.
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The green and red arrows
indicate length changes
along the channel that can
be identified as planform
adjustment between epochs.
Natural adjustment and
channel engineering have
been annotated on each
map.
Changes between 1965 and
1978 are possible flood
effects of 1977 floods.

------ > Channel shortening

1954

-------------- 2002

1965
1978

-------------- 2005
-------> Channel lengthening
-------> Main flow direction
--------------Sub-segment break

Figure 5.32: Selected planform changes from valley segment H8.

5.4.2 Engineered channel width change
Overall the channel has widened, but out of the 25 significant widening occurrences in
Table 5.5, only five occurred in conjunction with channel engineering. These 5 all
occurred prior to 1978, with two between 1954 and 1965. The channel relocation that
occurred in HI 1 (Figure 5.28) also resulted in some channel widening as it was moved
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(presumably). This relocation caused 7m of widening; an increase of 130% from the
previous time period. The other width adjustment at this time from engineering happened
from channelization and the placement of a weir upstream o f the Lawrence Ave. Bridge.
Three large widening events occurred between 1965 and 1978 on Highland Creek,
two o f which were located in HI 0 in adjacent sub-segments. At this time, the channel
was relocated away from the valley wall and straightened in a central position in the
floodplain for the construction o f the Lawrence Ave Bridge and (probably) the sanitary
sewer. This resulted in the two sub-segments widening by 15m and 19m, amounting to
110% and 152% widening from 1965 respectively. Upstream in H8, the channel was
widened as a cut-off was created and channelization was performed on the sub-segment
upstream o f Ellesmere Rd, prior to bridge construction. Widening from channelization
was common at all major road crossings.
Narrowing, unlike widening, is dominated by engineering (7 of 11 events) (Table
5.6). Natural narrowing only occurred after 1978 possibly because the floods of previous
years had over-widened natural reaches. The engineered sections of narrowing greater
than 5m are located within H3, H8 and H9, and only occur between 1954-1965, and 1978
and 2002, unlike much of the widening which occurred between 1965 and 1978. The
third largest narrowing event overall (-12m) happened after 1978 at the upmost subsegment o f H9 where channelization was completed from the main confluence,
downstream into H9. Here, the multi-purpose trail had a footbridge added across the
channel requiring some narrowing. This continued further downstream leading to 6m of
width reduction. Elsewhere at this time (1978-2002), engineering was narrowing the
channel in segments H3 and H8. The construction o f the sanitary sewer resulted in the
development o f a large wall o f gabion baskets in the downstream-most sub-segment of
H8, causing a reduction of 5m o f width. This reduction may also be somewhat natural in
other parts o f the sub-segment, as the channel had previously widened by 22m, but the
construction o f the gabion basket wall indicates some influence of engineering in this
case. Two other narrowing events on H3 were related to bank protection measures
causing 7m and 5m of width reduction in sub-segments in the upstream half of the valley
segment (Figure 3.26).
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Only two narrowing events occurred between 1954 and 1965, both of which were
engineered. One was located in H9, in the same sub-segment that showed planform
stability in figure 5.32c. The narrowing here (6m) resulted from the removal of a dam at
the downstream end o f the sub-segment. Rather than a constructed narrowing here, the
loss o f the reservoir narrowed the channel. Further narrowing occurred in H3 at the
downstream end where it was channelized near the main confluence (7m).

5.4.3 Natural morphological adjustment along Highland Creek
In addition to engineered channel changes, natural channel adjustments to the increased
discharges were continual throughout the study period and also as a consequence of
severe flood events. Referring to Tables 5.3 to 5.6, natural adjustments occurred for all
types o f change. Temporal and spatial patterns are present in these tables, and reflect to
some extent the occurrence o f the 1976 and 1977 flood events. Also, despite the large
impact o f engineering, the magnitude o f natural changes was often similar to, or greater
than, those deliberate adjustments, having a lasting impact on the net results. These
results will be presented temporally in an attempt to track the natural response over the
course of urbanization.
The net effect o f the combined natural and engineering channel adjustments is a
general widening and straightening (shortening) of Highland Creek. Most of the
shortening and narrowing has been shown to result from engineering, while widening and
\
lengthening were predominately natural phenomena. However, natural cut-offs, removal
o f small bends, and narrowing after the 1976 flood, are all significant natural components
o f the observed shortening and narrowing. When looking at Table 5.3, the natural
shortening (N), and natural/engineered (N/E) sub-segment shortening account for only
739m, compared to engineered (E) occurrences totalling 1905m (2.6 times the natural
response).
Channel widening was mainly a natural phenomenon, with 13 of 20 instances
(>5m) being natural, and the greatest amount of widening occurring between 1965 and
1978 (Table 5.5). Two reaches with substantial widening in H8 have already been
mentioned, and similar magnitudes o f widening occurred elsewhere in H8, and also in
H10 and HI 1. Some of these continued a trend of widening from the previous epoch, and
others continued on to widen or later narrow. The middle sub-segment between the main

confluence and Ellesmere Rd on H8 increased its width by more than two times (18m,
134%), which is four times its original width (1954).
5 .4 .3 .1 19 5 4 -19 6 5
Between 1954 and 1965, much o f the channel was still in a relatively natural (un
engineered) state although there were instances when channel works were completed but
banks were left with erodible materials (HI 1). At this time, there were natural changes of
each type and direction o f change, except for narrowing. Shortening only occurred in
two sub-segments, with one occurring in combination with engineering. The combined
reduction was only 47m (on H3), accounting for a loss of 13% of the channel, and the
other reduction occurred in H8, 600m upstream from the main confluence, where some
smaller bends straightened-out, apparently naturally. Vegetation in this area had become
much less dense by 1965. The vegetation may have thinned due to construction of the
sanitary sewer. Closer to Ellesmere Rd. trees appear to have been removed for bridge
construction. Length increases occurred in three sub-segments: two in H9 and one in H8,
just upstream o f the Main confluence. The two instances in H9 are visible in Figure 5.31
(a and b), with increases o f 36m (10%) and 60m (7%) respectively as apparent increases
in bend amplitude and sinuosity. In the latter increase, a meander had developed, and
lengthened by 108m (18%) (Figure 5.33a). Widening was also occurring at this time in
five sub-segments, three o f these were in H8, with one width becoming mqre than double
the 1954 value. Two more widening reaches were located upstream on the West Branch
in H2b and H2a, both increasing by 5m each (74% and 79%, respectively). Natural
widening did not occur this far upstream on the West Branch after 1965.
5 .4 .3 .2 1 9 6 5 -1 9 7 8
Between 1965 and 1978, the Highland Creek catchment experienced rapid urban
expansion toward the northern and eastern areas o f the basin. It also experienced a
significant flood event in 1976, estimated within the 50-100 year return range (Bellamy,
1994). It is assumed that the morphology seen in the natural segments o f the 1978 photos
was a result of the 1976 flood. These photos showed the largest changes due to natural
adjustment for the entire record, particularly with respect to shortening and widening.
Two length reductions in excess of 200m occurred in H8 as apparent flood effects. One

149
happened immediately downstream o f Ellesmere Rd. as an apparent chute cut-off causing
a loss o f 21 lm o f length within the sub-segment (Figure 5.33). The other occurred closer
to the main confluence, by an apparent chute cut-off. Here, the total length reduction for
the sub-segment was 202m but 60m was the result o f an engineered cut-off at the
downstream end, where bank armouring is now visible (Figure 5.34). These figures also
indicate the widening effect that flooding had, particularly across point bars, as well as
the shift o f the centreline. Within these two sub-segments, the channel widened by 16m
and 22m - more than doubling their 1965 widths. One more length reduction of much
lesser magnitude occurred upstream o f Military Trail on H8, with a loss of 78m (15%).
Natural shortening events o f such magnitude were not seen elsewhere, neither at this time
nor any other, probably because H8 remained the main ‘natural’ reach during the study
period, while other reaches and valley segments had already been engineered.

Figure 5.33:1976/77flo o d effects - H8, 941m (1978 image).
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Figure 5.34:1976/77flo o d effects - H8, 200m (1978 image).
Every section downstream o f Ellesmere Rd on the East Branch at least doubled in
width between 1965 and 1978. One more sub-segment between Military Trail and
Ellesmere Rd on H8 almost doubled its width (93% increase). Out o f the 8 sub-segments
on H8, five showed natural widening between 1965 and 1978 (Table 5.5).
The Main Branch had five sub-segments with 1978 width at least twice their 1965
\

width. These were limited to H10 and HI 1, while H9 showed little natural width
adjustment. All o f HI 0 at least doubled in width, but two o f these sub-segments were
engineered immediately downstream of the new Lawrence Ave E. Bridge. The rest all
appear to be due to the effects o f the 1976 floods. The widening at the downstream end of
H10 continues downstream into the following two sub-segments of HI 1. The upper subsegment o f HI 1 had already experienced widening by 1965 from the 1954 width
(engineered). The lack o f bank protection on this relocated channel allowed it to become
four times wider than its original width. No narrowing occurred between the 1965 and
1978 photos.
Natural channel lengthening also occurred at this time, although to a much lesser
extent than the two shortening events on H8. It only happened in three sub-segments as
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the channel migrated. The largest lengthening was only 36m (15%) for an entire subsegment in HI 1, where the channel migrated, causing some small bends to develop.
5 .4 .3 .3 19 7 8 -2 0 0 2
A shift in the type o f channel change occurred between 1978 and 2002. Natural
narrowing was found in four sub-segments, and this was the only time period during
which natural narrowing was documented. The most occurred in HI 1 where vegetation
had re-established along two large point bars. Here, the two upstream sub-segments of
HI 1 both narrowed by 14m each (26% and 34%). But this did not fully recover the
channel width to their pre-flood (1965) state. Widening only occurred in two places from
1978-2002, with increases o f 1 lm (52%) and 5m (52%), on H9 and H4a respectively.
The widening on H9 occurred in the sub-segment immediately downstream of the
Momingside Bridge.
Natural lengthening was most frequent between 1978 and 2002, with five
instances, while shortening only happened twice, re-establishing some sinuosity after the
flood(s). Again, one o f these shortenings was partly the result of engineering. Some of
the lengthening happened in concert with narrowing around meander bends. During the
flood the channel centreline moved away from the direction of the thalweg and across a
point bar for example, giving it a shorter distance around the bend. But the post-flood
floodplain reclamation by vegetation pushed the centreline back out towards the thalweg
at bends, sometimes enlarging the meander (Figures 5.29 and 5.33c). The largest length
increase overall occurred at this time and by this process. A gooseneck meander on valley
segment H8 developed (Figure 5.33c), increasing the length by 135m (21%). This was
later cut-off by the flood event in August 2005. H8 was found to be the most naturally
reactive valley segment overall.
These results for natural channel adjustment indicate that the largest changes were
limited to a few sections o f the valley: East Branch, and Lower Main Branch. The bank
materials map indicates that these are the reaches without the extensive bank protection
that is seen elsewhere (Figure 3.26) and are also the reaches with the greatest stream
power (Ferencevic, 2008). The 1954 to 1965 period showed the most variety in the type
o f channel change. After 1965 each period was characterized by different channel
adjustments: widening and shortening (1965-1978), and minor narrowing and
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lengthening (1978-2002). The 1976/77 floods had a great impact on the natural
morphology, creating two of the largest natural shortening events overall, and also the
most channel widening. The post-flood response to this was some channel narrowing
through vegetation reclamation o f the floodplain, and channel re-lengthening/lengthening
of bends. Though the plan-form of the channel remained much straighter than the
original configuration, a transition from smaller to larger meanders was seen in valley
segment H8. Analysis o f the meander belt of natural sections can further indicate the
change from smaller, shorter wavelength meanders to larger ones.
5 .5

Sinuosity of sub-segments with natural bank materials

Despite the overall decrease in channel length, sinuosity stayed relatively constant over
time in the non-engineered channel segments (Figure 5.35). There are four sub-segments
that show obvious changes in sinuosity between 1954 and 2005, the most notable being
the sinuosity reduction in HI 1 (at 620m) and H8 (at 941m). These both resulted from cutoffs/straightening o f the channel; one engineered (HI 1) and one natural (H8) (Table 5.3).
The decrease in sinuosity seen in HI 1 was from the engineered channel relocation away
from the valley wall between 1954 and 1965 (without bank protection), and the decrease
in H8 was the result of a large cut-off from the 1976 flood. The engineered cut-off is
mentioned because this sub-segment was not armoured subsequently, and shows some
increased sinuosity after the initial reduction. Only one sub-segment actually increased its
sinuosity above a value o f 1.5; the gooseneck meander development in H8 (at 600m).
This was subsequently cut-off during the August flood o f 2005 after the 2005 photos
were flown, showing that active meander development was persisting.
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Figure 5.35: Channel sinuosity o f selected ‘natural’ sub-segments.

5.6 Meander belt width
The meander belt width (MBW) was measured as an alternative attempt to observe
changes in bend amplitude. The assumption made here is that an increase in MBW will
reflect increasing amplitudes. For every natural sub-segment in this analysis, the MBW
experienced net widening (Figure 5.36). Of those that show substantial widening, visual
inspection of the planform indicates that this largely resulted from transition from lower
amplitude (but larger sinuosity and deviation angles) and shorter wavelength meanders,
to larger and longer bends (e.g. Figure 5.30b). Only one large MBW reduction occurred
at H8 (941m) between 1978 and 2002, and was the result of a large cut-off (Figure 5.33).
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Figure 5.36: M BW trends fo r natural sub-segments.
It could be assumed that greater MBW might be associated with increasing
sinuosity, but Figures 5.35 and 5.36 show that this is not necessarily the case. For
example, a situation where large meanders develop out of a planform that was
characterized by a series of small but frequent bends can result in a drop in sinuosity. But
the larger meanders can expand the MBW, therefore giving an opposing effect to the
sinuosity. This occurred in H10 (136m), where sinuosity decreased over time, but this
straighter channel contained fewer and larger bends, and increased the MBW. So despite
showing a trend towards a straighter channel, the most downstream sub segment of H10
still showed an increase in MBW. The trend here shows that MBW changed despite
negative or little change to sinuosity. Here, MBW is then a useful indication of bend
amplitude, but less so for sinuosity. In contrast, the sinuosity reduction of H8 (941m)
coincided with a reduced MBW between 1978 and 2002. But the general trend appears to
be the development of larger wavelength and amplitude bends, causing an increased
MBW despite channel shortening and sinuosity reduction overall.
5 .7

Results summary

Overall, the channel of Highland Creek has become wider and shorter (less sinuous) since
1954. But the amount and rate of morphological change varied between channel
segments and between epochs, and the net changes hide a more complex spatial and
temporal pattern of varying change, including reaches and epochs showing narrowing and
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lengthening. This is summarized well by plotting later epoch data against early pre-urban
epochs, then using the bias between the observed and predicted widths to observe the
general direction o f change (Figures 5.37 and 5.38; Table 5.7). The pre-urban epochs
(1954 and 1965) were used as the “no-change” expectation, and urbanized widths were
plotted against these. The 1:1 line indicates a stable channel width, and any scatter away
from this line indicates subsequent widening and narrowing. RMSE was calculated to
determine the accuracy o f the expected results (Equation 3.1), and confidence limits of
the bias were calculated to observe any statistical difference between datasets. Sheiner
and Beal (1981) suggest that confidence limits can be used to determine the significance
o f the difference between estimated values and a pre-determined ‘correct’ value, where
both limits lie on the same side of the ‘correct’ value. Elere, this value is the 1:1 line. To
determine the confidence limits o f the bias, first the absolute differences were calculated
for pairs of widths between the expected and observed epochs (Equation 5.3). Using the
mean o f all differences (Equation 6.1) to subtract the product of the standard error of the
mean (SE* bias) and the t-value (to 975(n-i)), the lower 97.5% confidence limit was
calculated (Equation 5.4) (Sheiner and Beal, 1981). The upper limit was calculated by
adding these instead of subtracting. If the lower limit falls above the 1:1 line then it can
be said that the urbanized width is significantly different than the expected pre-urban
width.
X bias

2 (W pred

Lower97 50/0=

VV0bs)/Yl

X bias -

[to.975(n-l) (SE* bias)]

Eq. 5.3
Eq. 5.4

Figure 5.37: Plot comparing 1954 widths to subsequent epochs.
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Table 5.7: Summary statistics o f width comparison differences (later-earlier epoch),
and the RMSE.
1965

1978

2005

2.67
2.99
1.55
3.78
4.24

7.99
5.75
5.31
10.67
11.24

7.68
5.46
4.91
10.45
11.21

5.64
3.28
3.56
7.73
9.01

5.47
3.01
3.54
7.40
8.49

1954

Mean
Median
Lower 9 7.5 %
Upper 9 7.5 %
RMSE
1965

Mean
Median
Lower 9 7.5 %
Upper 9 7.5 %
RMSE

-

-

-

-

These plots show clearly that the much of the channel is wider than in earlier years, some
narrowing did occur but within very few segments that fall below the 1:1 line, and were
mostly for 2005. These show that the results for the urbanized epochs are not very
different from each other, but with reference to 1954, the widths in the urban epochs are
significantly higher than 1965 with their lower confidence limits above the 1:1 line.
RMSE values also increase dramatically for urban epochs, but are lower for 2005. This
highlights the complex response over time to urbanization, as it appears the channel has a
slightly better fit to pre urban conditions in 2005, though still very much wider.
This complexity is important to identify because in addition to the influence of a
general and progressive increase in the magnitude and frequency of the geomorphically
effective flows, the channel change was also affected by a large flood in 1976, and the
pervasive effects of channel engineering, including channelization and bank protection.
The hydrological change was not a step-change, it was more of a ramp change with event
interference along the ramp. Trends indicate that shortening and widening were more
characteristic o f pre-1978 adjustment to hydrological changes caused by urban
development and engineering responses, while the slight lengthening and narrowing
which dominated thereafter in un-engineered channel segments appears to be post-flood
(1976) adjustment and continued natural response to the flow regime. The channel
planform has become less sinuous as is indicated by the overall shortening, but the
meander form has switched from numerous short bends, to larger bends with greater
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amplitudes. These trends in (non-engineered) width morphology are consistent with
conceptual theory o f river channel adjustment to changes in flow regime. Changes in
sinuosity seem to be the opposite o f what channel metamorphosis suggests, perhaps
indicating a change into a different channel pattern. The next chapter analyzes these
changes to assess whether the changes in width are quantitatively consistent with
predictions from rational and empirical regime hydraulic geometry and regime equations
and the extent to which river engineering has constrained width adjustment and therefore
modifies the regime adjustment o f the river in the case of the hydrological effects of
urbanization.

V
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Chapter 6: Regime theory and trajectory of adjustment
The results described in chapter 5 show that some reaches of Highland Creek have
undergone substantial morphological change (channel widening and reduced sinuosity)
during urbanization o f the catchment. For example, in some reaches, the channel is up to
six times wider compared to 1954, and natural cut-offs have reduced channel length
locally by over 200m. But there are clear differences in the magnitude of channel
adjustment along the river system, some o f which are due to engineering, channelization
and constraint from channel confinement. This range o f responses over time and along
the river system is unexpected from river regime principles assuming that the changes in
stream flow hydrology are similar throughout the system. This analysis will attempt to
determine whether these natural and engineered changes are predictable from regime
theory and hydraulic geometry, to give an indication as to whether or not Highland Creek
has adjusted as expected to the changes in hydrology. Also, because these predictive
equations are developed for natural alluvial channels, there is a need to determine
whether they are suitable for urban/semi-alluvial locations as part of river management
and design.
The analysis applies empirical hydraulic geometry and rational regime predictive
methods to the river channel width adjustment in 1978 and 2005 (post-urban) as well as
the pre-urban (hydrologically) river channel (1965). The 1965 data was used because of
the larger number o f measured widths. Although some widening had occurred between
1954 and 1965, either naturally or engineered (channel relocation), and development had
already spread to almost half o f the catchment (Figures 3.12 and 3.14), this was still
considered a pre-urban channel in the hydrological sense, and more natural than the 1978
channel. Therefore, “pre-urban” may not be the most suitable term, but it is used here to
describe the 1965 channel. Analysis focuses on river width because of the absence of
quantitative predictive equations for sinuosity/length, but sinuosity is considered in terms
of channel pattern shifts, and thresholds o f change. This analysis will also extend the
literature on impacts o f urbanization and river morphology because previous case studies
focused on descriptive measures o f channel change without relating them to theory of
channel adjustment and trajectories of change and few considered the effects of channel
engineering in modifying the response.
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6.1 Method
Analysis involved two major components. The first is an overall comparison of the width
changes in Highland Creek with empirical data sets on the regime morphology of gravelbed rivers compiled by van den Berg (1995) and Parker et al. (2007). Second, the spatial
pattern o f measured channel adjustment (using the valley sub-segment data) for the preurban (1965), urbanizing (1978), and urbanized (2005) conditions are compared with
empirical and rational regime equations. The first analysis provides an overview of the
geometry o f Highland Creek with respect to regime characteristics o f other gravel-bed
rivers - primarily in terms of width as a function o f discharge and total stream power and changes in this overall relationship after urbanization overall and in particular
reaches. The second part o f the analysis is intended to show the temporal and spatial
trends in channel width relative to regime predictions to assess the extent to which the
width adjustment and the downstream trends are predictable from regime principles, and
whether engineering and other constraints have affected this adjustment. Together they
provide insight into the channel width adjustment in Highland Creek following
urbanization and the current state of adjustment o f the river as a test o f regime equations
in this case and to provide some understanding of the current instability o f the river.
For the second part o f the analysis, regime widths were calculated using five
different predictive relationships - two based on empirical hydraulic geometry and three
using rationally-based, theoretical relationships (see section 2.2). The twft empirical
predictors are the gravel-bed regime calculator developed by Parker (2004) and a
relationship for channel width based on total stream power and bed material grain size
derived by Ashmore (2001) from published data (van den Berg, 1995). Rational
relationships used are the channel regime calculator of Millar (2005) and the older
theoretical regime width equations of Henderson and Griffiths for near-threshold
channels. The Millar and Parker relations are implemented in spreadsheets developed by
the respective authors. The Millar theory uses a series of equations and also has
selectable values for erosional resistance of the banks. These bank resistance values are
directly taken from the equations o f Hey and Thome (1986) that have different values for
the type o f vegetation coverage. Note that in the Parker analysis width is predicted on the
basis o f discharge and bed material grain size only -channel slope, in addition to width
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and depth - is an output o f the analysis. The other equations (including Millar) all use
channel slope as an independent variable. The other equations used are:
w = 2.06QbS7/6D'3/2 (Henderson, 1966)

Eq. 6.1

w = 5 . 2 8 0 ^ '26D ''5 (Griffiths, 1981)

Eq. 6.2

w = 0.87Q0 559£)-° 445 (Ashmore, 2001),

Eq. 6.3

where: w = width,

£>b = bankfull

discharge,

S

= channel slope, D = median bed material

grain size, and Q = stream power. The Ashmore equation is an empirical function fit to
the van den Berg (1995) data, so the comparison between Highland Creek widths and the
gravel bed river data (section 6.3), and then with the Ashmore regime equation, are two
applications o f the same data and empirical equation.
The equations require input values for discharge, channel slope and bed material
grain size and, in the case o f Millar, a bank resistance value. The discharge used here was
based on the 2-year flood from pre and post-urban flow data, under the assumption that
this approximates a channel-forming discharge and a consistent index discharge for inter
epoch comparison. Flow data was divided into pre and post-urbanization periods based
on the sharp increase in maximum instantaneous flow in the early 1970s: 1961-1972 (pre)
and 1973-1997 (post) (Figure 3.19). The index (2-year) pre and post urban discharges
were selected from flood frequency curves for annual maximum instantaneous flow data
from the WSC stream gauge (Figure 3.22). Upstream drainage areas were determined
along the channel using the 2005 DEM, and then using area-discharge relationships
(Equation 6.4 and 6.5). 2-year flows were determined for the stream network by
calculating upstream drainage areas in ArcGIS. Equation 6.4 was taken from Annable
(1996) derived from empirical data for non-urban stream gauges in southern Ontario, and
was used here to represent a pre-urban stream-flow in Highland Creek. This is the best
option to estimate pre-urban effective discharges along the channel considering there is
no area-discharge relationship historically for Highland Creek, but there is uncertainty
because development had already started in the late 1950s therefore there is the
possibility that an urban effect was already beginning. Equation 6.5 was taken from
hydrological modelling by Aquafor Beech Ltd (2004) for current post-urban discharges,
and for both of these Q represents the 2-year flood, and x is the upstream drainage area.
Each sub-segment was then given a discharge based on the drainage area at its
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downstream end. This method assumes uniform spatial changes in hydrology i.e that the
proportional change in the 2 year flood between pre- and post-urban epochs is the same
throughout the system. This is the only feasible assumption because to date there has
been no modelling o f the pre-urban stream flow for the channel network.
Q2 = 0.52x075

Eq. 6.4

Q2 = 5.2903x07121

Eq.6.5

Slope values were calculated using elevations along the channel bed and sub-segment
stream lengths (rise/run). Historical elevations were not available, so the 2005 DEM was
used for elevations assuming no significant change in elevation, but slopes were adjusted
for the change in channel length between epochs. The median grain sizes used were
obtained from field surveys conducted by Parish Geomorphic (2002-03), these were also
applied historically, an assumption that might be o f issue, but is necessary in the absence
o f historical field data (Table 6.1).
Table 6.1: Median bed material grain sizes (DSo) used in this analysis. Source: Parish
Geomorphic (2006b), Rapid geomorphic assessments. Upstream distances represent the
downstream end o f sub-segments.____________________________________________
B ra n ch

V a lle y s e g m e n t

U p s tre a m D is ta n c e (m)

G ra in s iz e (m m )

W est

H3
H2c
H2b
H2a
H2
H2

0-1250
1419-3792
3952-4845
5034-5862
5993-7135
7566-8366

69
60
45
39
36
35

E a st

H8
H8
H4a

0-800
1108-1967
2334-3134

46
55
36

M a in

HI 1
H10
H9
H9

0-841
1034-2105
2311-4903
5024-5703

24
32
34
25

The bank resistance values for the Millar equation are not known independently.
Therefore, the Millar (2005) equation was applied with two different bank strength values
(1.54 and 1.92) corresponding to potentially changing bank strength conditions. These
were chosen based on the assumption that vegetation was greater in 1965 (Millar 1.92:
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>50% tree and shrub cover; Hey and Thome, 1986), and then relatively less dense by
1978 (Millar 1.54; <50% tree/shrub cover). The values were used mainly as an
approximate sensitivity analysis to assess the importance o f the bank strength to the
predicted width and to see, experimentally, what range of values and conditions would
better fit the observed width.
6 .2

Comparison with other gravel-bed rivers

Empirical regime width data used the compilations of van den Berg (1995) and Parker et
al. (2007) for single-thread, gravel-bed rivers. These are compilations o f published
channel data from various sources and geographic locations. The total number of
observations from those sources used in this analysis is 264 sites, from rivers in Alberta,
British Columbia, Saskatchewan, United Kingdom, Idaho, Colorado, Maryland, Italy,
New Zealand, and a number o f other locations. The data compilations include bankfull
discharge or mean annual flood, channel slope, channel width, and grain size. Total
stream power (E>) was calculated from the bankfull discharge and channel slope. Stream
power (total) incorporates the effect of slope (S), discharge (Q), density of water (p), and
the acceleration due to gravity (g), and is a determinant o f the amount of potential
geomorphic work that can be completed, per unit length o f a defined reach (Equation
6.6). Like discharge, an increase in stream power will create the expectation o f a wider
channel. The following graphs show the relationships between discharge and width, and
between stream power and width for the gravel river datasets, and for Highland Creek in
1965 and 2005 (1978 was very close to 2005, so was left out to keep the graphs clearer).
£2 = pgQS

Eq. 6.6

Figures 6.1 and 6.2 show similar trajectories in the channel width changes of
Highland Creek compared to the gravel river data. The 1965 data is better fit within the
gravel data, but for 2005, widths seem to be lower than the overall trend in the gravel
river data, and seem to shift down despite increasing discharge and stream power.
However, there are a few sub-segments that trend with the other gravel rivers in 2005.
This indicates some differences in the response along the channel, and it is possible that
this is related to something preventing the channel from widening in 2005 (e.g.
engineering or vegetation). Regressions were completed for each dataset (Appendix B).
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The 95% confidence limits for 2005 on the stream power graph (Figure 6.2) fall below
those for the gravel bed river data while the upper confidence limit of 1965 falls within
those of the gravel bed data, making the 2005 data significantly lower than those
predicted by the gravel bed data, while 1965 data are not significantly different. For the
discharge plots (Figure 6.1), confidence limits o f the regression for both 1965 and 2005
overlap with those o f the gravel bed data. This indicates no significant difference between
the datasets. The significantly lower values for 2005 on the stream power graph suggest
some limiting factors in channel adjustment. The wide range o f the confidence limits for
the discharge graphs suggests variability in response between different reaches of
Highland Creek.
Figures 6.3 and 6.4 plot the same data for only two valley segments (H8 and
H2c), which differ in bank materials (more natural and engineered, respectively). Valley
Segment H2c contains the Scarborough Golf Club and here the channel has been
engineered to keep its shape over the past 30-40 years, while H8 has been allowed to
adjust freely, especially between Ellesmere Rd and the confluence. In both graphs it is
apparent that the more-natural, less resistant banks of the channel in H8 trend better with
the global data, and those protected banks along H2c have widths in the same range as
1965, lower than the general trend, indicating that the channel is narrower than other
gravel-bed channels with same bankfull discharge. The fit o f the data in 1965, and those
few points in 2005, increases the confidence in choosing the 2-year flood ak the index
discharge for this analysis.
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Figure 6.1: Discharge vs. width plot fo r pre and post urban Highland Creek and a
database fo r gravel-bed rivers.
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Figure 6.2: Power u s. width plot fo r pre and post urban Highland Creek and a
database fo r gravel-bed rivers.
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Figure 6.3: Power v.v. width plot using natural (H8) and engineered (H2c) reaches fo r
pre and post urban Highland Creek and a database fo r gravel-bed rivers.
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Figure 6.4: Discharge vs. width plot using natural (H8) and engineered (H2c) reaches
fo r pre and post urban Highland Creek and a database fo r gravel-bed rivers.

6.3 Predictions of channel adjustment along the river
Predicted channel width for pre-and post urban width along the Highland Creek channel
network are shown in Figures 6.5 to 6.13. The chosen predictive equations vary in the
reliability and variability o f predicted width. This is partly a consequence o f the nature of
the equations. For example, Parker shows relatively little segment-to-segment variability
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in predicted width because it does not contain a slope term, while others, with sensitive
slope terms, show considerable inter-segment variation.
The following results present the width predictions over time by branch. Only
three epochs were used to represent conditions before, during and after urbanization:
1965, 1978, and 2005.

6.3.1 Pre-urban
Under pre-urban conditions (1961-1972), the instantaneous maximum discharge with 2year recurrence interval is estimated to be 28m s’ at the gauge; this was adjusted for the
rest of the study area by using a regional area-discharge relationship for non-urban
catchments in southern Ontario taken from Annabel (1996) and the 2005 DEM for the
upstream drainage area for each sub-segment. The estimated Q2 for each valley segment
are given in Table 6.2.
Table 6.2: Pre-urban 2-year flood values.
1965
W e s t B ra n ch

H2
H2a
H2b
H2c
H3

Q 2m V 1
U p s tre a m end

D o w n s tre a m end

9.44
10.32
15.29
16.01
16.7

10.29
10.59
15.95
16.66
18

9.06
14.25

9.18
14.79

27.72
28.94
29.08

28.93
29.06
32.02

E a st B ra n ch

H4a
H8
M a in Branch

H9
H10
HI 1

This pre-urban analysis is intended to be partly a check of the equations in predicting
channel width under relatively natural conditions.
Figures 6.5-6.7 show the downstream pattern o f predicted widths compared to the
measured (1965) widths. Each branch shows a different relationship between the actual
and predicted results. Ashmore’s (2001) equation seems to predict the widths along the
West Branch the best, while Parker over predicts and the others mostly under-predict,
with Henderson showing a channel up to 10m narrower than observed (Figure 6.5).
Despite this being a pre-urban situation, channel engineering had some effect in 1965,
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mainly at road crossings, and natural widening was a possible occurrence after 1954,
particularly with response to Hurricane Hazel after the 1954 photos were taken. Ashmore
and Griffiths over-predict near the downstream end of the west branch and this is likely a
result of channel engineering at the Lawrence Ave. Bridge across H3. On the east branch
(Figure 6.6) Parker again over-predicts overall, and Millar 1.92 fits the data quite well.
The downstream sections o f H8 show over prediction up to 10m for Griffiths, except at
the confluence where the predictions agree more closely where the slope drops from the
upstream sub-segment. Henderson again under-predicts consistently. Along the main
branch (Figure 6.7), Millar and Ashmore show the better predictions, showing only two
sub-segments where the difference is in excess of 10m. Parker mostly over-predicts, with
some under-prediction at the upstream and downstream ends of the branch, and Griffiths
shows the most extreme difference from the real data. In general, the equations all
predict the overall trends in width along the main branches of the river system, including
the general downstream narrowing in the main branch.
In addition to the predictions of width in general, this analysis can also be used to
assess whether the equations predict the downstream variation in width observed from the
measurements. In most cases the predictions do follow the local downstream variation in
mean channel width with the exception of Parker, which does not include channel slope.
It is clear that successful prediction of the downstream variation in width requires
channel slope as one o f the input variables. The other equations tend to tradk, but
exaggerate, the observed local variations in width. The Henderson and Griffiths equations
tend to exaggerate local variation the most. There are also instances in which the
equations predict local trends that are opposite to the observed e.g. at approx. 5000m on
west branch and 1600 m on the east branch. The reasons for these discrepancies would
require closer examination of the data and may also be partly a consequence of the
segment averaging. One major discrepancy occurs at the mouth of the creek (0 m on main
branch) where the very low gradient of the channel leads to very small, predicted widths.
There are instances of exaggeration in the trends, and in some cases a contrasting trend
between observed and predicted. There is fairly consistent under-prediction along the
west branch. This is possibly the result of the pattern of development moving across the
basin starting around the West Branch, so this under prediction might be the result of
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early channel design widening the banks as the channel was straightened after 1954. If
the more-natural channel o f 1954 was used (or measurable in some locations), it is
possible that the predictions may fit better along the West Branch. Overall, no equation
consistently predicts the pre-urban (more natural) widths of 1965, but they all show the
downstream trends and observed local variations.

Figure 6.5: Pre urban widths and predicted trends - West Branch, 1965.
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Figure 6.6: Pre urban widths and predicted trends - East Branch, 1965.
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Figure 6.7: Pre urban widths and predicted trends - Main Branch, 1965.
6 .3 .2 U r b a n iz a t io n phase
The urban Q2 was derived for the stream gauge from the flood frequency for the period
from 1972-1997, then applied to equation 6.5 for the rest o f the study area. The 1978
provided the first set o f photos after the onset o f urbanization. At the gauge, Q2 was
91m3s'1, but the magnitude o f the 1976 event was unknown due to the gauge being out of
operation. At the time this was the largest event since Hurricane Hazel (the regional
flood), for which the storm event was somewhere between the 50 and 100 year storm
(Table 6.3). Therefore, it is possible that much o f the channel form was dictated by the
large flood event o f 1976.
Table 6.3: Post-urban Q2 values, 1978 and 2005.
1 9 7 8 /2 0 0 5
W e s t Branch

Q2 m V 1
U p strea m en d

D o w n stre a m en d

32.05
35.74
50.68
52.91

34.8
34.9
52.72
54.97

55.1

59.11

East Branch
H4a

30.82

H8

47.39

31.23
49.1

89.13
92.85
93.3

92.82
93.22
102.2

H2
H2a
H2b
H2c
H3

Main Branch
H9
H10
H ll
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Unlike the pre-urban analysis in which there was a mix of over prediction, under
prediction and agreement to/with the photo measurements, in the urbanized period over
prediction o f observed channel width is most common (Figures 6.8-6.10). The result of
this is that different equations appear to be more applicable compared to 1965. For
example, Henderson was shown to mainly under-predict the channel width in the analysis
o f the pre urban width, but along the West Branch, it now falls closer to the actual
measurements. Millar (with bank resistance parameter o f 1.92) fits closest to the trend in
width along this branch (Figure 6.8). By 1978, the West Branch was already being
engineered with gabion baskets and rock weirs to control erosion, perhaps giving bank
strength equivalent to dense vegetation (Figure 3.26). This engineering could have
created a channel narrower than expected, hence the agreement with the Henderson
prediction. On the east branch, Henderson then mostly over-predicts width, and every
sub-segment in H4a shows over-prediction (three points most upstream on East Branch
graphs). Griffiths again gives the most extreme widths in the steep sections (e.g. H4a),
but agrees with other predictions in the flatter segments. Despite H4a being a relatively
natural part of the channel, width is over predicted. This valley segment is relatively steep
(0.9% overall) and confined. Much of the channel is in contact with till along the bottom
o f the valley side. This might account for much o f the over prediction in width, while
farther downstream, the floodplain is wider and more silts and sands are exposed. The
Main Branch widths are similarly over-predicted, but there is some agreerhent through
H10 and the upper sub-segment o f HI 1, while H9 is mostly over predicted with the
exception of a two sub-segments. H9 was subject to a series o f artificial cut-offs and
channelization before 1978, therefore steepening the channel and fixing its width. So
over-prediction might be expected. There are two sub-segments where the equations
agree fairly well with the data. One is immediately downstream o f Momingside Ave,
where the short sub-segment cannot easily increase its slope. Then two sub-segments
downstream into University o f Toronto Scarborough campus, where a 400m sub-segment
contains a large bend and low relief.

172

Figure 6.8: Urbanizing widths and predicted trends - West Branch, 1978.
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Figure 6.9: Urbanizing widths and predicted trends - East Branch, 1978.
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Figure 6.10: Urbanizing widths and predicted tren ds-M ain Branch, 1978.
6 .3 .3 P o s t u r b a n iz a tio n phase
The same Q2 values as the urbanizing phase were used to represent post-urban hydrology,
but compared against width observations from 2005 in order to see if channel adjustment
after 1978 brings the predicted widths into closer agreement with observations.
Over-prediction was most pronounced during this phase on the Main Branch,
where there are longer stretches o f continual over-prediction by all equations. Along the
West branch, Henderson and Millar (1.92) appear to have the best fit to the trends, with
the most points crossing the actual data, but each o f these lines also have sections where
the channel width differs by 10m or more. By 2005, riprap, concrete and armourstone
had been added to the channel to expand upon the protection that the gabion baskets
provided. Channelization through the Scarborough Golf Club (H2c) also reduced the
channel width from the 1978 photos, resulting in the over prediction seen at 2189m in
figure 6.11. The East Branch also shows over-prediction by the equations, with Parker
and Millar (1.92) having the best agreement and fewer locations o f discrepancy. The
upper three sections o f the East Branch represent valley segment H4a. Again, the slope,
coupled with the channel confinement might cause the equations to over-predict. The
three points at the downstream end o f the East Branch are those three that are located
downstream o f Ellesmere Rd. This stretch o f the East Branch has experienced the most
natural widening overall, with the exception o f HI 1 on the Main branch. Here in H8,
under-prediction occurred along the three sub-segments, rather than at specific points
with different slopes. Millar (1.92) which predicts the width trends upstream, under

174
predicts all three sub-segments, and the actual widths are now fit better with the,
otherwise over-predicting, Ashmore and Millar (1.54) lines. Millar (1.92) reaches
agreement with the real data again at the lowest sub-segment o f H8. Unlike the two
upstream sub-segments that were left natural, this contains a wall of armourstone to
protect the sanitary sewer. The higher bank strength index again appears to better predict
width at locations of bank protection. In the downstream sections, the equations seem to
come into better line with the measurements relative to 1978, so this natural reach has
widened to a state closer to the ‘regime’ width as it continued its adjustment, consistent
with figures 6.1-6.4.
The Main Branch shows similar patterns to the previous (1978) predictions, but
the over-prediction is much greater and more widespread than before. Like the
Scarborough Golf Club (H2c), H9 shows a stretch of continuous over-prediction. It has
two locations o f under prediction again: downstream of Morningside Rd, and within a
sub-segment where a dam was previously located at U of T. Both o f these situations
result in channel widening, and both sub-segments have relatively low gradients.
Immediately downstream o f Morningside Rd is too short for any significant drop in
elevation. The steep slopes that developed from previous cut-offs in other sections of H9,
in addition to channelization and armouring, resulted in the extensive stretch of over
prediction. Equations that were close to agreement in the East Branch are at least 20m
larger in width here. The reduction in gradient towards the Lake resulted in a similar
pattern of agreement and under-prediction as seen in 1978, but with a greater difference
as this section widened further by 2005. There is apparently not a big difference in these
trends between 1978 and 2005, except in a few locations of recent engineering, including
the fourth sub-segment upstream on the East Branch, and the downstream end of the
West Branch, in both o f these locations, over-prediction occurs for all equations in 2005,
but not in 1978.
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Figure 6.11: Post urban widths and predicted trends - West Branch, 2005.
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Figure 6.12: Post urban widths and predicted trends - East Branch, 2005.
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Figure 6.13: Post urban widths and predicted trends - Main Branch, 2005.
6 .3 .4 D o w n -v a lle y -t r e n d a n d p r e d ic tio n : s u m m a r y
When observing the trendlines it is apparent that there is not one single equation that
accurately predicts the width along the Creek. The pre-urban width and trends were
predicted reasonably well, on average, along the East and Main Branches, but was mostly
under-predicted for the West Branch. This better agreement (~5m difference minimum)
and under-prediction changed to over-prediction in excess o f 10m and 20m for posturban conditions. In many segments there is a range o f prediction, without continuous
over/under-prediction or agreement, for example, the Main Branch shows considerable
over-prediction, then agreement, then under-prediction for many equations in 2005.
Some equations did follow the trends of the actual data quite closely. In general,
Ashmore did for the empirical equations, and Millar for the rational equations. However,
natural channels were very limited in extent by 2005, and in addition to channel incision
and confinement, there is the possibility that other factors influence the channel other
than discharge, slope, and grainsize. Also, the equations that include channel slope
appear to pick up observed variations in width but tend to exaggerate the magnitude of
this effect (especially Henderson and Griffiths), giving much greater predicted spatial
variability in channel width than is observed. Overall it seems that the measured changes
show less variability in width along the branches but that the predictions are (apart from
over predicting a lot o f the time) also showing much greater variation in width than is
actually occurring resulting from the slope dependency. The general over-prediction for
1978 and 2005 could be the result of channel engineering preventing adjustment to the
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‘expected’ width in some locations, or the river is incising in some places instead of
widening. But there is also the possibility that the equations miss an important component
in relation to bank strength, as Millar reaches some agreement in 2005 where the channel
has been engineered. Finally, where the channel was allowed to continue its adjustment
without substantial bank hardening (e.g. lower East Branch), it appears that the channel
width has come closer to the predicted regime width values.
None o f the regime equations provides an absolute predictor for the channel form
of Highland Creek, but there are differences with some showing better trends than others.
However, it is difficult to determine these differences between equations and their
changing performance from the trend analysis, which could help determine the relative
validity o f the equations. This can be determined for the whole network by observing the
root mean square error (RMSE; Equation 3.1), and a discrepancy (bias) for each equation
over time, for the difference between pairs o f measured and predicted widths for reach
sub-segments, which will show the mean bias for each equation (Equations 5.3 and 5.4;
Section 5.7) (Table 6.4). Confidence limits were determined using Equation 5.3, and
where they fall with reference to the 1:1 line, and their inclusion o f zero determines
whether they significantly over or under-predict widths. The two sub-segments closest to
the mouth of the creek were excluded here because they created outliers resulting from
extreme under-prediction due to the extreme reduction in gradient related to backwater at
the lakeshore. Graphs for 1965 and 1978 illustrate the difference in obserVed and
predicted widths for pre-urban and urban conditions by showing the distribution of points
around the 1:1 line (Figures 6.14 and 6.15). The same natural sections as used in the
MBW analysis were differentiated in the urban epochs to observe any potential patterns
of over/under-prediction relating to bank materials. Plots for 2005 data are located in
Appendix C.
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Table 6.4: Summary table o f width difference (wpreit-wobs), and the RMSE between
observed and predicted widths._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
P a rk e r

M illa r
1.54

M illa r
1.92

G riffith s

H e n d e rso n

A s h m o re

-1.23
-1.41

0.34
-2.55

-5.13
-5.89

0.71
0.54

1965

Mean
Median
Lower confidence
lim it 97.5%
Upper confidence
lim it 97.5%
RMSE

3.63
3.65

-

2.48

.

-2.51

-2.53

-6.81

-0.55

4.77
5.24

.

0.05
4.42

3.21
9.51

-3.45
7.56

1.98
4.26

11.82
12.75

12.46
11.65

5.53
4.86

33.49
23.88

13.56
7.87

11.18
9.53

10.20

9.28

2.99

22.74

7.26

8.65

13.43
12.99

15.65
16.38

8.07
10.13

44.24
49.09

19.86
25.03

13.71
14.01

11.39

12.00

12.20

8.77

5.15
3.63

33.34
22.28

13.29
6.67

10.81
10.61

9.42

8.51

2.36

22.28

6.69

8.10

13.37
13.16

15.49
16.73

7.94
10.65

44.41
49.77

19.89
25.74

13.53
14.12

-

1978

Mean
Median
Lower confidence
lim it 9 7.5%
Upper confidence
lim it 97.5%
RMSE
2005

Mean
Median
Lower confidence
lim it 9 7.5%
Upper confidence
lim it 9 7.5%
RMSE
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Figure 6.14: Plots o f observed vs. predicted values fo r 1965, using pre-urban Q2.
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Figure 6.15: Plots o f observed v.s. predicted values fo r 1978, using post-urban Q2.
Like the trend analysis indicated, RMSE shows greater discrepancy for the
urbanized years in contrast to 1965 when RMSE was in the range of 4-1 Om. Again,
Henderson and Griffiths show the lowest reliability and great variability in width
prediction, with RMSE values o f 26 and 50 respectively in 2005, while Ashmore, Parker,
and Millar (1.92) show slight reductions in predictive ability, increasing relatively
slightly in variability. The bias can be better observed by looking at the means of the
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absolute discrepancy, their confidence limits (Table 6.5), and the plots of measured vs.
predicted widths (Figure 6.14 and 6.15). Negative mean and median values indicate a
bias to under-predict, and only occur in 1965 (Millar 19.2 and Henderson), while the
others show positive values. The confidence limits indicate that they all scatter around the
1:1 line except for Parker which significantly over-predicts, and Henderson which
significantly under-predicts. The Ashmore equation appears to predict the 1965 values
best with very little bias away from the 1:1 line and the inclusion of zero. For the
urbanized epochs, the predicted values change very little between both years, mostly
because the same 2-year flood was used, but also because not enough channel length
adjustment occurred to severely influence the slope value. These all show over-prediction
with neither confidence limit including zero, but the Millar 1.92 appears to have the
lowest discrepancy, with lower confidence limits closest to the 1:1 line. Under the
assumption that these alluvial predictions work for semi-alluvial channels, the general
over-prediction o f width indicates that the channel is under-sized relative to the larger
post-urban discharges and slope. There is the tendency o f engineered sections to show the
most over-prediction, though some does exist for more natural sections.

6.5 Discussion - width predictions
This predictive equation analysis suggests that the widths and changes in width
for Highland Creek are not reliably and consistently predicted from a rang^ of existing
alluvial, gravel-bed regime equations. In theory, these predictions ought to give the
direction or amount of change, and the details o f it. They do so only to a limited extent.
The pre-urban widths were better fit with a smaller degree of discrepancy from the
observed width than those o f post-urban widths, which were generally over-predicted by
the regime equations, except in certain reaches.
There are a few reasons as to why such discrepancies exist between the observed
and predicted width. In some cases this may be attributed to the regime equations. For
example, inclusion o f channel slope in the predictive equations seems to better predict
local variation in channel width but the Griffiths and Henderson equations both seem to
yield an over-sensitivity to slope which results in over-prediction of width in general, and
an exaggeration o f local spatial variation, while Parker, which does not include channel
slope as an independent variable, does not follow the local variation in width. Under
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prediction by the regime equations for many reaches after urbanization may be the result
o f channel engineering and bank hardening. If bank protection was placed before the
channel had fully widened to a new regime width this might have constrained the regime
adjustment. This interpretation is supported by the observation that while many
engineered reaches have narrow channels, the natural reaches (e.g. parts of H8) appear to
have widened much more and to values close to the predicted regime width and in line
with the regime data sets. For the pre-urban (1965) channel, it is possible that under
prediction on the West Branch was the result of early development in that area, or also
the response to Hurricane Hazel following the 1954 photos. Under-prediction of width
may also be partially explained by the channel being incised into cohesive till banks in
some sections, and confined by the valley sides, so that increased streamflow has been
accommodated by incision instead o f widening. Data for other semi-alluvial channels in
Southern Ontario suggest that width adjustment is similar to that for alluvial rivers, so it
should be expected that these behave in regime, and that it is not necessarily the
constraint of semi-alluvial material causing this difference (Annable, 1996). There is also
the possibility that discrepancies are the result of the choice of, and estimation of
discharge used in the predictions. However, the choice of a discharge greater than the 2years flood would lead to even greater over-prediction in later years and the fit with preurban widths suggest that it is a reasonable choice. The assumption that hydrological
changes occurred uniformly also presents a problem, for example the inputs from storm
water outfalls cannot be accounted for due to lack o f a denser gauge network, possibly
causing spatial differences in discharge to occur for similar drainage areas. It is also
possible, that width is still adjusting and the predicted regime width has not yet been
reached. The continued widening and erosion o f the East Branch indicates this
possibility, and the 2005 flood caused significant channel change, but this was mostly
limited to valley segment H8, while much of the rest o f the channel did not widen
significantly. Therefore, it is difficult to unequivocally explain the relatively narrow
channel compared to regime prediction for the post-urban channel, although constraint by
channel engineering seems the most likely explanation. If so, the value of this analysis is
in identifying this ‘under-sizing’ of the channel and providing input for design of
channels closer to a regime condition. In the context of a test of regime equations it
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suggests that responses to urbanization are likely to be more complex than a simple
regime adjustment, because of human intervention.

6.6 Trajectory of change—channel pattern
It is apparent that channel engineering has impacted the ability for channel
adjustment to continue taking place in most reaches. Channel widths only predict well
within a few reaches on the East and Main Branches, but overall, the results, and above
analysis suggest that relatively little change has occurred between 1978 and 2002/2005,
RMSE values even decrease by 2005. After the final set of photos, the extreme flood of
August 19 , 2005, caused widening, incision, and channel straightening along the East
Branch, with very little adjustment elsewhere. This indicates that the channel is still
adjusting, but very spatially limited. It is possible that this straightening is indicative of a
changing channel pattern.
There has been no analysis o f the sinuosity changes regarding any expectations,
and it appears that a lot o f the change is artificial, but the trend to larger, straighter bends
may indicate a transition in channel pattern. It is possible that Highland Creek is in a state
to experience a change from a single-thread, meandering river, to a multi-thread braided
one, or that it wants to braid but is inhibited from doing so. This is just a loose attempt to
gain further understanding o f the adjustment o f Highland Creek, but it is also a possibility
according to Bledsoe and Watson (2001). In their graph, probabilities of .braiding as a
function of valley slope (Sv), discharge (Q) and median grain size (D 50) have been plotted
as percents (10-90%) with actual data plotted for braided and meandering streams (Figure
6.16). If only the natural sub-segments o f lower H8 are considered, and the estimated preurban and urban two-year floods are used with a slope o f ~1%, and grain sizes between
20 and 30mm, probabilities o f braiding plot around 20% for the pre-urban situation, and
up to 60% for the 2005 channel. So it is possible that the adjustment observed along this
stretch of Highland Creek is not simply channel enlargement, but also a shift in the
planform to a new channel pattern.
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D» (mm)

Figure 6.16: Probability o f braiding fo r gravel bed channels. (Adapted from: Bledsoe
and Watson, 2001: Fig. 7).

6.7 Regime theory and Trajectory of change - summary and
conclusion
This analysis acted both to test the functionality of some predictive equations, and also to
observe whether Highland Creek has responded to the increased flow regime as predicted
from regime equations and data for gravel-bed rivers in general. Based on gravel river
data from multiple locations globally, Highland Creek has not responded as expected,
with only a few sub-segments having widening that trends with gravel-bed river data, and
most sub-segments trending lower despite increases in discharge and stream power. From
the segment-based analysis of down-valley trends, it appears that for pre-urban, morenatural flows, the regime equations predict channel width fairly reliably. Through the
urbanization and post-urban phases, over-prediction becomes more common, even
extreme, with some predictions in excess of 20 metres greater than the observed width.
The Main Branch shows the most over-prediction through engineered sections of the
University of Toronto Scarborough campus. This is also the location of the highest
stream power modelled by Ferencevic (2008), indicating that there is a constrictive effect
of the engineering, through these reaches. In this location, the floodplain is relatively
wide, and long stretches of the creek lack any heavy vegetation due to the land clearance
for recreational/sports purposes, and the channel is constricted by rip-rap, and corrugated
iron along the location of a previous dam. There are few sub-segments where widths
were predicted relatively well: the natural segments downstream on the East Branch (H8)
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and an engineered straightening in 1965 on the Main Branch (H 10), which was created
with an apparently sufficient width.
For Highland Creek, there is no single regime approach that fits the observed
width changes spatially and temporally. The equations predict (or even under-predict)
pre-urban channel width but substantially over-predict channel width after urbanization.
Those equations that include channel slope provide more reliable predictions but often
exaggerate the local variation in width. In the remaining non-engineered channel
segments the equations appear to be more reliable. The inference is that the applicability
o f regime analysis of these urban channels is confounded by the extent of artificial
constraints on channel adjustment. The most useful application in this case might be to
predict the stable design for a channel width that is re-engineered to be better adjusted to
the prevailing flows.

\
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Chapter 7: Discussion and Conclusions
River channel adjustment has been understood in terms of changes in controlling factors—
primarily discharge, and also sediment supply. This is often studied by observing the
response to an imposed change that alters the prevailing conditions, eliciting a
morphological response of the river. Urbanization is a land-use change that may
drastically alter the stream flow and sediment supply to a river system. The effects of
urbanization have been described through case studies to understand the nature of the
response to this type o f imposed change. The majority of these urban river case studies
have been conducted in small catchments (<30km ) and mainly infer morphological
adjustment to urban development based on paired urban and non-urban (usually rural)
catchments rather than tracking changes over time (Chin, 2006). This is less than ideal
because actual changes in channel form cannot be connected to specific changes in
controlling factors for a single river, nor can variability within a larger catchment be
determined which could give a better assessment o f channel stability and the anticipated
trajectories o f adjustment. Previous case studies have seldom analyzed river adjustment
in terms o f quantitative predictions from regime conditions based on documented
changes in discharge regime.
Predictive methods have been developed to determine the outcome o f imposed
changes. These are empirically (channel metamorphosis, and downstream hydrologic
geometry) and theoretically based (rational regime theory), and, although they both have
potential to help describe expectations and design channels accordingly, they are limited
in their application. This is because they simplify the nature of the fluvial system by
excluding potentially significant controls and using simplified parameters such as a single
channel forming discharge and a single bed material size (median). In light of these
limitations, it has been suggested that studies are needed that utilize a qualitative and
quantitative approach to understanding river channel changes, involving transient change
of river channels, analysis of the details o f morphological adjustment as well as average
regime morphology and recognising more-complex changes in the discharge forcing than
a simple step function. Testing regime theories and hydraulic geometry for situations
known to cause channel adjustment, like urbanization, can help identify the applicability
o f such predictive methods and case studies o f change can add interpretive detail and
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context. But urban channel responses are variable as are the trajectories of change (Chin,
2006). This complexity highlights the necessity to complete a combined qualitative and
quantitative analysis to gain a better understanding of the channel adjustment for such
cases.
This thesis develops a historical, quantitative analysis of the effects of
hydrological change on river morphology following urbanization using the case of
Highland Creek in Toronto, Ontario. Highland Creek was chosen because it is a relatively
large and highly urbanized catchment, with known hydrological changes in the range of
those reported in Chin (2006), and has undergone chronic erosion problems (TRCA,
1999). The study is longitudinal in scope, and uses multi-epoch air photos to determine
and quantify the response of channel width and sinuosity to the hydrological change over
the urbanization period, and observe the spatial and temporal distribution of adjustment.
Having a hydrological record and a longitudinal dataset of channel form allows
adjustment to be placed in the context o f expectation from regime theory, and also to test
various equations to see which are most reliable, and the spatial and temporal patterns of
adjustment predicted from regime analysis. A series of advantages and limitations were
observed regarding the methods, quality o f data, and the complexity of this specific case
study. The identification of these advantages/limitations aids in determining any future
development and investigation in this and other cases.
V

7.1 Method for mapping historical channel changes
The method for mapping channel change developed here could be completed
rather quickly given that no orthorectification o f the aerial photographs was needed.
Using the valley top as a guide to create a horizontally offset up-valley reference system
worked well because it followed the general path of the channel without requiring any
positional change between epochs, therefore making epoch-to-epoch comparison
straightforward. ArcGIS calculates polygon area and polyline length, but careful scrutiny
is required when recording the results because the order they are output in reflects the
order that each shapefile was created rather than any spatial organization; a problem
which was encountered a few times because certain lines were re-digitized. The subsegment analysis and averaging o f widths avoided the necessity to locate cross-sections
continually throughout the study period. Considering the amount of shortening that
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occurred, this would be a rather difficult process in this case, and likely many others. It
allowed for patterns of change to be recognized, and differences quantified. But it does
have some setbacks, and potential improvements to its design.
Initially this study was to use proprietary software from the City of Toronto and
its tools to measure and compare channel adjustments within an already georeferenced set
of aerial photos. But limitations were eventually realized, and photo captures had to be
georeferenced in ArcGIS. To save file sizes, they were stitched as valley segments, or
portions of longer valley segments, and ground control points were often limited or
subject to differences in photo aspect between years. Offset became an issue between
adjacent photo mosaics and between years, requiring measurements to be adjusted
accordingly. Photo stitches of the entire study area into one file before georeferencing
could perhaps reduce some of this offset, as could the use o f a recent version of ArcGIS
that does not have RMSE errors, but it would still be recommended to complete an
assessment of photo distortion and offset as undertaken in this study. Minimizing
georeferencing errors early can reduce the potential for observational errors later.
When georeferencing is completed with reasonable errors, the development of an
irregular and adaptive measurement reference system is optimal compared to traditional
grid projections. Here, the channel had been previously divided into segments based on
geomorphic indicators and segments used for channel management. Whether this has
been completed or not, some segmentation or external reference system is' required to
observe patterns o f change when the river channel changes sufficiently that cross-sections
or locations cannot be tracked from one epoch to the next. The choice o f a static subsegment with a given length caused some abrupt changes to be observed/missed until
further investigation was completed. In many cases whole bend cut-offs were contained
within a single sub-segment, while others spanned multiple sub-segments, and had to be
added together, or re-measured to find the actual length of the cut-off. Similarly, channel
widths change around bends and, depending on the configuration o f the bend to the subsegments, variations would be seen up and down-stream in adjacent sub-segments,
despite them “sharing” meanders. The choice o f the sub-segment length appears to work
well (400m), but it is possible that it is not long enough for planform changes of large .
meanders (bends cut off at segment boundaries), but also too long for width changes to
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appear in narrower sections of the channel. This method could be improved upon perhaps
by creating a moving window (polygon) for measurement, or varying the size of the subsegment length in proportion to channel size. It is also important to first identify distinct
breaks/obstructions of the channel that can be used as boundaries (e.g. road crossings),
and then divide the channel further (i.e. prior to the 400m segmentation). The method of
digitizing the banks and centreline could be better assessed with multiple measurements
for the entire area to look for any systematic differences in identification of the digitized
features. It was completed only two extra times in this study due to logistics, but could
perhaps identify any discrepancies that could be encountered during repeated
measurements.

7.2 Variability in channel response and regime theory
The results indicate that channel adjustment was heterogeneous spatially and temporally,
but some patterns o f change could be identified. Generally there were two periods of
change: before and after the 1978 photos. Before 1978 channel change was a dominated
by widening and shortening, with the majority o f it occurring between 1965 and 1978, so
that channel width is significantly different than the 1954 widths. After 1978 was a
period of some slight narrowing and lengthening in some reaches, though many sections
between 1978 and 2002 show little to no adjustment. The maps o f proportional
adjustment show that most change occurred on the East Branch and Lower Main Branch
near Lake Ontario. Supporting documentation and the photos suggest that the main cause
of the discontinuous adjustment is channel engineering. Development o f a multi-use trail
and construction of the trunk sanitary sewer from the late 1960s through the 1970s
required cut-offs, and bed and bank protection. Although bank protection is extensive, it
was not continuous throughout, leaving sub-segments with more “natural” and erodible
materials, allowing adjustment to continue through to 2005 in those reaches.
The regime analysis shows that regime predictions are reasonable for the preurban channel but the same equations applied to 2005 conditions show that the channel
was undersized compared to its predicted regime width. But, with the exception of some
extreme over prediction by Griffiths’ equation, the three sub-segments downstream of
Ellesmere Road on the East Branch (H8) where no bank engineering has occurred were
closest to agreement with regime theory, suggesting the possibility o f the Creek reaching
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some phase o f ‘natural’ adjustment here. Closer to the Lake, the channel banks were also
left to adjust, but here all the regime equations (except Parker) severely under-predict the
channel width, showing that these depend heavily on slope and do not work for low-relief
downstream sections. Channel width deviates from both empirical data and equations,
and from rational regime predictions in many sub-segments o f the river. There are a few
possible reasons for discrepancy between measured width and predictions: channels
designed and constrained by channel engineering, extreme flood effects (Hurricane
Hazel), channel incision (possibly amplified by width constraint) reducing width
adjustment, confinement within the valley, and the semi-alluvial nature of the channel.
Using this urban example as a test for regime theory for natural adjustment to an
imposed hydrological change is o f limited value in this urban case. Much of the
adjustment is limited by, or the direct result of, the engineering response to channel
regime change aimed at mitigating erosion and instability. Response is actually a
complex, transient combination o f regime adjustment, engineering and large flood
‘shocks’, all o f which influence the trajectory o f adjustment. It seems that regime theory
might best be applied in this case to determine whether the channel has been engineered
to an expected geometry, rather than trying to understand channel adjustment in terms of
trajectories of natural response.

7.3 Longitudinal accounts of channel change and the trajectory of
response
There are only a few multi-epoch, historical/longitudinal studies of channel change for a
time period that encompasses the entire period of land use change. These studies indicate
a complexity o f channel response, but they have not investigated adjustment in the
context of regime theory and any engineering constraints. In addition, other than Nelson
et al. (2006), Leopold et al. (2005), and Graf (2000), these studies tend to discuss the
final adjustment without looking at the process and time trajectory of change. With each
study being different in scope and location, there are bound to be differences in channel
response. One study used six epochs o f data, and showed plan-form stability over a 62year period despite extreme flooding and decades of urban expansion, concluding that
geological controls of channel and floodplain morphology restrict any equilibrium
adjustment (Nelson et al., 2006). Other longitudinal multi-epoch studies by Graf (2000)
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and Leopold et al. (2005) indicate that the channel is continuing to adjust 40 years after
the initial disturbance. In the case o f Graf (2000), continued adjustment was occurring in
response to dam controls on the flow regime, and to an extreme flood near the end o f the
study period. But Leopold et al. (2005) recognized a trend toward some stability, partly
from the absence of new construction, and also the social influence o f aesthetics and
stream revitalization for recreation purposes. Most recently, Galster et al. (2008) used
only two epochs combined with a paired-catchment survey to conclude that discharge
was the main driver o f channel widening, but details of time trajectory and of engineering
affects are lacking in this case. In Highland Creek, the use of several epochs revealed
temporal trends and variation in channel response, and additionally the effects and
subsequent response to a major flood in 1976. What this was able to show is there is a
great potential for channel adjustment to continue, especially in response to large floods.
But also that it has the ability to recover to an extent as it did with some lengthening and
narrowing o f natural sections. Such temporal variability from subsequent disturbances
amplified by urbanization affects the trajectory o f natural adjustment, and this identifies
that there is a potential for further responses o f similar or greater magnitude.
Conceptual models of river adjustment to urbanization also emphasize changes to
sediment delivery during construction and post-construction phases. The analysis of
changes to Highland Creek has not included this element because of the dearth of
information on sediment delivery to the channel. However, it is likely that the Highland
Creek may have experienced changes in sediment delivery that are different from these
models. It is probable that Highland Creek received much sediment supply from exposed
bluffs o f glacial sediments and the stream-bed and banks, rather than from the (low relief)
land surface outside o f the valley. Sediment supply could be decreased here as a result of
bank and bed hardening rather than spreading impervious surfaces and in some cases may
have increased because o f lateral instability and channel widening.
Chin’s exploration of adjustment time trajectories revealed that smaller
catchments (l-35km 2) have reached adjustment to the imposed land-use change, 5 to 30
years after the initial response. But larger areas were still adjusting several decades after
the onset of urbanization (Chin, 2006). Larger catchments do not urbanize completely
within a short period of time, and the spatial distribution, and variety, o f land-use types
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will inherently affect the hydrological response. Widening of Highland Creek occurred
prior to 1965, which was measurable in sections o f every branch, and apparent widening
was evident from viewing the photos in other sections where a comparison to 1954 could
not be made (e.g. Upper West Branch). But continuous change in width, whether
widening or narrowing stopped in most locations after 1978, with only a few sections
along the East and Lower Main Branches showing morphological adjustment through to
2002. This places the timescale o f adjustment along most of the channel at 20-30 years
to become stable, while the few sections of the East and Main Branches were adjusting
more than 30 years after the initial response. However, the “stability” of most sections
can be attributed to channel engineering rather than a natural response to urbanization.
Chin and Gregory (2001) identified the complexity in response beyond simple
enlargement, particularly with the downstream erosion effect from road crossings. For
Highland Creek, channel engineering throughout the entire area, not just at road
crossings, adds a complexity to the time trajectory o f adjustment. The majority of the
channel has been restricted from adjusting in width and planform, though incision is
likely occurring. Widening occurred almost everywhere relative to 1954, but was mostly
limited at some point by engineering. Most planform change was artificial, with 1905m
of shortening being engineered compared to only 739m occurring naturally. In some
sections it is completely hardened and unable to adjust therefore halting morphological
change, while the lower portion o f segment H8 (East Branch) continued to adjust (widen
and migrate) through to the end o f the study, although most change had occurred by
1978. In sections where the bed is not armoured (e.g. Figure 3.26), it is likely that
incision may have caused further cross-section enlargement that was not measured in this
study, but is evident in some locations (e.g. Figure 3.27). The extreme flood of 2005
(>100-year) caused substantial widening in the ‘natural’ segments of H8, and
straightening through a major cut-off, with little widening elsewhere along the system.
This reach is now the current focus o f channel design and engineering for Highland
Creek. Such events add complexity to time trajectories, so perhaps the appropriate
descriptive response model is similar to “state 5-transient response” proposed by
Knighton (1998) (Figure 2.1), except that, rather than an initial step change in discharge,
it is more o f a ramp response to urbanization with increased frequencies and magnitudes
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of flows, as well as extreme events, and human interference along the trajectory of
channel change.
The multi-epoch approach is necessary for any historical analysis, but gaps in the
data can draw questions regarding inter-epoch disturbance and adjustment. For example,
it is known that a large flood occurred in 1986, but the photo record in this study cannot
determine any immediate effects and adjustment from this and any other possibly
significant floods. So any further research for this case should seek out air photos, or
morphological data between 1978 and 2002. This would also aid in determining the
causes o f channel adjustment, like the construction of the multi-use trail that had yet to be
completed in the 1978 photos. Additionally, continued monitoring of Highland Creek
should be completed to observe effects o f previous engineering, and effects of current
developments. Comparison with other urban creeks and observation of channel response
in newly urbanizing catchments over the next few decades by ground surveys would help
understand the current state o f channel response to urbanization where channel
engineering design is a fore-thought rather than a short-term response to local erosion.

7.4 Conclusion
The segmented collection and analysis o f data shows that the channel of Highland Creek,
following extensive urbanization o f the catchment, has become wider and straighter.
Width change is in the upper range o f previously cases of urban channel changes, and the
overall decrease in sinuosity follows the general trends observed in the majority of
previous case studies (Chin, 2006). The creation of maps from sub-segment measurement
provides details of the spatial and temporal pattern of adjustment, and results confirm that
the channel significantly widened between 1965 and 1978, up to 6 times the original
measurement, but varies with segments H3 and H9 having narrower widths in 2005 than
1954. Similarly most shortening occurred prior to 1978, partially as an apparent response
to the large 1976 flood/urban streamflow. But after investigation it is apparent that the
majority o f shortening (decreased sinuosity) resulted from channelization and artificial
cut-offs. When compared to expected results from empirical and rational river regime
predictions, there is a large discrepancy between what was expected and the outcome. It
was initially thought that such extreme urbanization might cause an extreme response,
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but response, while considerable in some river segments, is much less than expected for
the magnitude o f stream-flow changes in many reaches.
The regime analysis presented here indicates that neither the rational nor
empirical predictive method is applicable throughout, but the trends of over-prediction in
many sections in both cases indicate the effect that engineering appears to have had in
restricting channel width adjustment. The bulk o f channel engineering occurred before
the 1978 photography and plots of observed vs. predicted values for 1978 data show
statistically significant over-prediction by every equation. Closest agreement with
predictions is in reaches in which natural adjustment has been allowed to occur. The
regime equations appear to be inapplicable to the low-gradient, backwater reaches close
to the lake. The value o f regime theory in this case is in helping to show that the river has
not adjusted as might be expected, and identifying undersized, engineered sections, which
might be the focus o f future restoration
In Highland Creek, the river channel response to urbanization has been strongly
modified by engineering response that is creating a totally designed river-scape; it is as
much a human response to hydrological change as a purely fluvial one. This planned
fluvial geomorphology creates variations across the urban landscape, and redesign/natural channel design attempts to regulate the river channel, while trying to keep
some aesthetic and ecological integrity, in many cases preventing further adjustment to
the urban disturbance. Natural reaches demonstrate continued channel adjustment (>30
years after the initial disturbance) and a possible transition in channel pattern, and large
floods, like that in 2005, show that, despite river engineering, there is the possibility for
the channel to create its own geometry adjusted to the hydrological regime resulting from
urbanization.
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Appendix A
Compilation of all epoch maps including those in Chapter 5 are located on a CD
attached at the back of this thesis.

Appendix B
Regression tables from the measured data comparison with gravel-bed river data
of van den Berg (1995) and Parker et al. (2007).

Stream power vs. measured width
Gravel Bed Rivers
Regression S tatistics
Multiple R
0 .7 1 1
R Square
0 .5 0 6
A djusted R
Square
0 .5 0 4
Standard Error
0 .2 3 6
O b servations
2 6 3 .0 0 0
ANOVA

R egression
Residual
Total

Intercept
X Variable 1

df
1 .0 0 0
2 6 1 .0 0 0
2 6 2 .0 0 0

SS
1 4 .8 9 5
1 4 .5 4 8
2 9 .4 4 3

Coefficients
-0 .1 8 7
0 .4 7 4

Standard
E rror
0 .0 9 7
0 .0 2 9

MS
1 4 .8 9 5
0 .0 5 6

F
2 6 7 .2 2 4

Significance
F
0 .0 0 0

tS ta t
-1 .9 2 9
1 6 .3 4 7

P- va lue
0 .0 5 5
0 .0 0 0

Lower 95%
-0 .3 7 9
0 .4 1 7

MS
0 .4 0 9
0 .0 1 5

F
2 7 .3 6 6

Significance
F
0 .0 0 0

t S ta t
1 .0 8 0
5 .2 3 1

P-value
0 .2 8 5
0 .0 0 0

Lower 95%
-0 .1 6 6
0 .2 0 2

Upper 95%
0 .0 0 4
0 .5 3 2

1965

Regression Statistics
Multiple R
0 .5 7 0
R Square
0 .3 2 4
Adjusted R
Square
0 .3 1 3
Standard Error
0 .1 2 2
O bservations
5 9 .0 0 0
ANOVA

R egression
Residual
Total

Intercept
X Variable 1

df
1 .0 0 0
5 7 .0 0 0
5 8 .0 0 0

SS
0 .4 0 9
0 .8 5 1
1 .2 6 0

C oefficients
0 .1 9 4
0 .3 2 7

Standard
Error
0 .1 8 0
0 .0 6 3

Upper 95%
0 .5 5 5
0 .4 5 3
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2005

Regression Statistics
Multiple R
0 .4 2 6
R Square
0 .1 8 1
A djusted R
0 .1 6 7
S qu are
Standard Error
0 .1 2 2
O b servations
6 0 .0 0 0
ANOVA

R egression
Residual
Total

In tercep t
X Variable 1

df
1 .0 0 0
5 8 .0 0 0
5 9 .0 0 0

SS
0 .1 9 0
0 .8 5 9
1 .0 4 9

Coefficients
0 .5 0 5
0 .2 2 5

Standard
E rror
0 .2 1 6
0 .0 6 3

MS
0 .1 9 0
0 .0 1 5

F
1 2 .8 3 1

Significance
F
0 .0 0 1

tS ta t
2 .3 4 5
3 .5 8 2

P- va lue
0 .0 2 2
0 .0 0 1

Lower 95%
0 .0 7 4
0 .0 9 9

Upper 95 %
0 .9 3 7
0 .3 5 1

Discharge vs. measured width
Gravel Bed Rivers
Regression Statistics
Multiple R
0 .9 0 4
R Square
0 .8 1 8
A djusted R Square
0 .8 1 7
Standard Error
0 .1 4 3
O b servations
2 5 1 .0 0 0
ANOVA
R egression
Residual
Total

Intercept
X Variable 1

df
1 .0 0 0
2 4 9 .0 0 0
2 5 0 .0 0 0

SS
2 2 .9 1 2
5 .1 1 0
2 8 .0 2 1

MS
2 2 .9 1 2
0 .0 2 1

F
1 1 1 6 .5 3 2

Coefficients
0 .5 8 8
0 .4 7 1

Standard E rror
0 .0 2 5
0 .0 1 4

t S ta t
2 3 .1 7 7
3 3 .4 1 5

P- va lue
0 .0 0 0
0 .0 0 0

Significance F
0 .0 0 0

V

Lower 95%
0 .5 3 8
0 .4 4 3

Upper 95%
0 .6 3 7
0 .4 9 8
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1965

Regression Statistics
0 .7 5 0
Multiple R
R Square
0 .5 6 3
0 .5 5 5
Adjusted R Square
0 .1 0 4
Standard Error
6 1 .0 0 0
O bservations
ANOVA
df
1 .0 0 0
5 9 .0 0 0
6 0 .0 0 0

R egression
Residual
Total

Coefficients
0 .3 3 8
0 .6 4 4

In tercep t
X Variable 1

MS
0 .8 2 6
0 .0 1 1

F
7 5 .9 0 6

Significance F
0 .0 0 0

Standard Error
0 .0 9 3
0 .0 7 4

t S ta t
3 .6 2 5
8 .7 1 2

P- va lue
0 .0 0 1
0 .0 0 0

Lower 95%
0 .1 5 1
0 .4 9 6

SS

MS
0 .4 7 7
0 .0 1 2

F
4 1 .1 6 9

Significance F
0 .0 0 0

t S ta t
2 .8 2 5
6 .4 1 6

P- va lue
0 .0 0 6
0 .0 0 0

SS
0 .8 2 6
0 .6 4 2
1.4 6 7

Upper 95%
0 .5 2 4
0 .7 9 2

2005

Regression Statistics
0 .6 3 8
Multiple R
0 .4 0 7
R S q u are
0 .3 9 7
A djusted R Square
0 .1 0 8
Standard Error
6 2 .0 0 0
O bservations
A NOVA
R egression
Residual
Total

Intercept
X Variable 1

df
1 .0 0 0
6 0 .0 0 0
6 1 .0 0 0
Coefficients
0 .3 9 3
0 .5 0 5

0 .4 7 7
0 .6 9 5
1.171
S tandard Error
0 .1 3 9
0 .0 7 9

Lower 95%
Upper 95%
0 .6 7 2
0 .1 1 5 \
0 .3 4 8
0 .6 6 3
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Appendix C
Observed vs. Predicted plots using 2005 width data.
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